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Abstract
The recent floods seen throughout Australia and especially Southeast Queensland in re-
cent times have caused damage to occur to critical infrastructure. Bridges are included
in the list of critical infrastructure as in a time of disaster, bridges provide access for
emergency services to flood affect communities. A community has the potential to be
isolated if a bridge crossing a river or creek is damaged by flooding. Therefore it is im-
portant to understand the affects that flooding has on bridges so that they can be made
less vulnerable to damage from flooding.
To analyse the effects of flooding a finite element model of a case study bridge was created
using the software package Strand7. The case study bridge was the Tenthill Creek Bridge
which is located near Gatton in the Lockyer Valley. The flood loads determined by
the Australian Standards were applied to this bridge. Damage to the bridge was also
simulated by adding weakened elements to the main structural elements of the bridge.
In order to compare different loads cases and damage scenarios performance indicators,
found in the literature review, were used. These indicators were able to measure the
reliability, vulnerability and robustness of the bridge. From the results it was found that
a damaged girder section under log impact loading produced the maximum stress in the
bridge.
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Chapter 1
Introduction
1.1 Background
In recent times heavy rainfall events have produced severe flood events in Australia and
especially in Queensland. The most notable flood events occurred in Queensland from
late 2010 to early 2011 and were caused by rain events produced by a strong La Nin˜a event
(Queensland Floods Commission of Inquiry 2011), and also the flood events associated
with ex-Tropical Cyclone Oswald in 2013.
The 2011 flood events in Queensland cost the state $5-6 billion dollars in damage to in-
frastructure and $350 million just for damages to bridges alone (Pritchard 2013). Critical
infrastructure such as bridges play an important role in the everyday life of communities
and industries. They provide access across rivers, creeks and floodways, so therefore they
are quite essential to sustain normal activities (Oh, Deshmukh & Hastak 2010). In the
event of a natural disaster or an extreme event such as a flood, bridges provide access for
emergency response units and evacuation activities. Bridges also allow the supply of food
and other disaster relief services for the disaster struck areas. It was observed during the
Queensland flood events that the flood damage of bridges and the road network reduced
their functionality and therefore restricting the access of post disaster services and food
supply (Pritchard 2013). Even in cases where disaster relief is not necessary the damaged
bridge will also cause disruptions to general traffic in the area and in some cases people
may be isolated completely.
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1.2 Project aim and objectives
This project aims to investigate flood affected bridge infrastructure in the local area as a
case study. Finite element analysis will be conducted on the selected bridge and will be
used to find a relationship for vulnerability based on the modes of failure. The objectives
of this project include:
• Research background information on how floods affect bridges and identify failure
criteria based on available literature.
• Research existing vulnerability indices and other performance indicators in the lit-
erature.
• Complete finite element analysis using Strand 7 on a simple bridge under AS 5100
design loads. Use failure criteria to simulate the failure for different elements.
• Model the case study bridge in Strand 7 and conduct a finite element analysis.
• Quantify vulnerability indices and performance indicators based on the simulations.
If time permits:
• Model scour around piers and abutments using HEC-RAS.
1.3 Justification of project
Measuring the vulnerability of bridge infrastructure to flooding would allow authorities to
prepare flood mitigation strategies (Oh et al. 2010). It would also let the authorities know
which bridges are vulnerable to flood damage so that they can conduct remedial work or
preventative measures to make them less susceptible to damage. By making bridges less
vulnerable to flood damage they become more resilient and this will have a flow on effect
to the overall resilience of the community and economy. A resilient bridge would mean
that it will still be functional after an extreme event and therefore allowing disaster relief
services access to the flood affected communities. Solano (2010) has mentioned that there
are gaps in the field of research for vulnerability and that there is progress to be made in
the way disaster resilience is measured and the practical applications of vulnerability.
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1.4 Consequential effects
The potential outcomes of this project could include a method of determining the vul-
nerability or susceptibly of bridges to extreme flood events. It should also be show which
components of bridge infrastructure are likely to fail in such events. It could be possible
that this method be applied to many existing bridges such that a database for bridge vul-
nerability could be created. This would be helpful for government authorities in preparing
flood mitigation strategies.
1.5 Risk assessment
With regards to the actual activities being conducted for this project there are no risks
or hazards involved. This is due to the activities being computer and theoretically based
and there is no practical applications for the methodology. The indirect risk associate
with this project will be what will occur after the completion of it. As the author there
is a continuing level of responsibility for the methods and results of this project. If there
is any continuation of this project or its outcomes then there is some risk associated. If
anyone were to use the data or outcomes from this project then it should be ensured that
the data is reliable and can be applied to an engineering application. It should also be
ensured that the results are not to be used outside the scope of this project.
1.6 Resource analysis
As this project contains no practical components then the main resource required will be
software programs. The software required for modelling the bridge as a finite element
model is Strand 7. This is available on the University computers or can be purchased
from the company at a cost of $10 per month. Some other software that will be used is
LATEX for report writing and possibly Microsoft Excel and MATLAB for the purposes
of data analysis.
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1.7 Overview of dissertation
The dissertation is organised as follows:
Chapter 2 review of literature
Chapter 3 discussion of methodology for model
Chapter 4 provides analysis of simple bridge results and also has details for the case
study bridge that will modelled, and the flood loads and damage cases that will be
applied
Chapter 5 discusses results obtained from the simulation
Chapter 6 summary of project outcomes and achievements
Chapter 2
Literature Review
2.1 Floods in Australia and Queensland
2.1.1 Types of flooding
In Australia there are three types of flooding that generally occur. These are slow onset
flooding that occurs in the inland rivers; quick onset flooding which occurs in mountain
and coastal rivers; and flash flooding which can occur anywhere in Australia (Bureau
of Meteorology 2010). The location of these types of flooding in Australia is shown in
Figure 2.1. Slow onset flooding occurs in Western Queensland and New South Wales and
parts of North West Victoria and Western Australia. These floods are slow moving due
to the relatively flat terrain of these areas and can last for weeks or months in some cases
before the water recedes. Inland river floods can affect rural communities as they may be
isolated during the flood. Farmers may also lose livestock and crops to the flood.
Quick onset flooding occurs in rivers that drain to the coast or at river headwaters.
These floods occur more rapidly due to the rivers being steeper so the flow of water
is faster. The duration of this type of flood may range from one to two days. As the
majority of Australia’s population lives on the coast there is a greater risk for loss of life
or property due to flooding. The faster flowing water will also cause greater damage to
infrastructure. Major riverine towns or cities along the coast of Australia are at risk to
this type of flooding, especially those on the East coast (Bureau of Meteorology 2010).
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Figure 2.1: Location of flood types in Australia (Australian Emergency Management
Institute 2013, p. 16)
A flash flood by definition is ‘A flood that rises quite rapidly with little or no advance
warning, usually as a result of an intense rainfall over a small area or, possibly, an ice
jam, a dam failure, etc.’ (Emergency Management Australia 1998, p. 50). This type of
flood can occur anywhere in Australia. Due to the unexpectedness of this type of flood,
it poses the greatest risk to loss of life as there is little time to prepare. In urban areas
flash flooding occurs when drainage and creek systems are unable to handle the amount
of stormwater runoff (Bureau of Meteorology 2010).
2.1.2 Frequency
The frequency of a flood is defined as the annual exceedance probability (AEP) or the
average recurrence interval (ARI) of a flood (Ladson 2008). The ARI of a flood is the
expected period of time between floods exceeding a certain discharge. The AEP of a flood
is the probability of a flood exceeding a given magnitude over a period of one year. The
probability AEP = 1ARI . A 100 year ARI flood is a flood that is expected to occur once
in a hundred year period, but this is not always the case. It also means that there is a
2.1 Floods in Australia and Queensland 7
1% chance that a flood of this magnitude will be equalled or exceeded in any given year.
In Queensland a number of major floods have occurred since records have been kept.
Figure 2.2 shows the flood peaks of the Brisbane River. The most notable floods in recent
history have been the 1974 flood and the 2011 flood. Recent floods events in Queensland
will be discussed in the next section.
Figure 2.2: Recorded flood peaks for the Brisbane River (Bureau of Meteorology 2014)
2.1.3 Most recent flood events in Queensland
In the last four or five years there have been some notable floods in Queensland. This
includes the 2011 flood and the 2013 flood events. These floods will now be discussed in
more detail.
The 2011 flood was the most substantial flood to have occurred in recent history and also
the most widespread. During 2010 Queensland experienced higher than usual rainfall
from April through to November (Pritchard 2013). At the end of 2010 and the beginning
of 2011 Australia experienced a strong La Nin˜a event. Uncharacteristic monsoonal rainfall
also occurred at the same time. As a result of the La Nin˜a effect and increased monsoonal
rainfall, record rainfalls were experienced in Queensland (Queensland Floods Commission
of Inquiry 2011). In Southern Queensland rainfall was approximately 300% above average.
Over the 2010/2011 summer Toowoomba had 920 mm of rain. The most notable was
73.8 mm falling in a space of three hours which resulted in severe flash flooding in the
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Toowoomba CBD and caused a wall of water to hit towns in the Lockyer Valley such as
Grantham. During this summer Brisbane also had 952 mm of rainfall. Major flooding
was experienced in the Brisbane and Ipswich areas (Pritchard 2013). Flooding wasn’t
just limited to Southeast Queensland; it was also extensive in the state’s southwest and
central regions. A heavy rainfall event combined with months of above average rainfall
lead to the most catastrophic flood in Queensland in recent history. This flood claimed
33 lives and caused $5 to $6 billion worth of damage to infrastructure.
In January 2013 Tropical Cyclone Oswald, which developed in the Gulf of Carpentaria
and crossed at the Cape York Peninsula as a Category 1 system, deteriorated to a tropical
low pressure system and started moving south along the Queensland coast. Very heavy
falls were recorded in the Rockhampton and Bundaberg regions and also on the ranges of
the QLD/NSW border (Queensland Government 2013). Major flooding was seen in the
Capricornia region of Queensland where record flood levels occurred. The low travelled
further south and produced more major flooding in Southeast Queensland. This flood
claimed six lives and affected 54 council regions throughout the state.
2.2 Bridges
2.2.1 Types of Bridges and usage in Australia
There are many different types of bridges which are usually constructed of concrete, steel
or timber. The main types of bridges are beam bridges, truss bridges, arch bridges, cable
stayed and suspension bridges.
2.2.2 Concrete Bridges
Beam bridges are the most common type of bridge built throughout Queensland and
Australia. These bridges can be built out of timber, steel and concrete, but concrete
is the most commonly used material. Beam bridges are usually the most cost effective
bridge structure hence why they are used most often. A beam bridge can be; simply
supported where the deck is supported only between two columns; a cantilever beam; and
a continuous beam where the deck is one continuous unit. These types are illustrated in
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Figure 2.3.
Figure 2.3: Types of beam bridges (Department of Main Roads 2006)
For a concrete beam bridge, the beams that run along the length of the bridge are I
or T shaped and can be hollow with circular or rectangular (box) voids (Department
of Main Roads 2006). Prestressed concrete deck units are used on small span bridges
in Queensland usually around 8 to 22 m. For larger span bridges, prestressed concrete
girders in the form of an I beam are used. These are used for 26 to 32 m spans. The
deck is cast in-situ with the girders as shown in Figure 2.4. Super tee girders are also
Figure 2.4: Girder (I beam) cast in-situ with deck (Department of Main Roads 2006)
used for longer spans from 26 to 35 m. The T girders have a void in the centre to reduce
weight and are also cast in-situ with the deck as shown in 2.5. Prestressed concrete box
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girders are used for even longer spans for up to 260m in Queensland. The girder usually
features one or two rectangular voids. A box girder bridge being constructed is illustrated
in Figure 2.6.
Figure 2.5: Girder (T beam) cast in-situ with deck (Department of Main Roads 2006)
Figure 2.6: Box girder bridge under cosntruction (Precast Concrete Construction 2014)
An arch bridge is another form of bridge that can be constructed with concrete. An
arch transmits its load to the supports by compression. This makes it ideal for concrete
as it is weak in tension (Austroads 2009a). Pre-cast segments are usually used for the
construction of an arch and during construction they must be supported by falsework.
Falsework is used to temporarily support a structure, such as an arch, until the structure
is able to support itself.
The last form of concrete bridge is a cable stayed bridge. This type of bridge involves
cables supporting the bridge deck from the top of one or two piers as shown in Figure 2.7.
A cable stayed bridge offers a reduced superstructure depth and mass and has a good
level of redundancy due to the ease of replacing a damaged cable. For a single plane of
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cables, where the deck is supported by one line of cables down the centre, a prestressed
concrete box girder is used. If two planes are used, where the cables hold the deck on both
sides, then two girders are used to support the deck(Austroads 2009a). A cable stayed
bridge can have spans up to 600m or more.
Figure 2.7: Example of a cable stayed bridge (Pont de Normandie) (Leica Geosystems 2003)
2.2.3 Steel bridges
The common form of a steel bridge is the beam and girder type. Figure 2.8 depicts
the type of steel girder bridges. The through girder features two girders with the deck
supported by cross beams aligned with the bottom of the flange. The deck girder type is
similar to the through girder except the cross beams are aligned with the top of the flange
on the main girders. The I-beam bridge type consists of several girders that support the
bridge deck. They can handle spans up to 20 m. The plate girders are similar to I-beam,
although they are larger can handle spans up to 50m. The trough girders have an open
top section and can have spans up to 60 m. Finally the steel box girders are similar to the
prestressed concrete ones and can have spans up to 80m. All of these girder type bridges
have reinforced concrete decks.
Steel bridges can also come in the form of a truss. The earliest type of metallic truss bridge
used in Australia was made from wrought iron and the members were manufactured in
England and imported to Australia. During the 20th Century steel truss bridges came
into construction. A truss was used if a longer span steel bridge was needed. The common
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Figure 2.8: Types of steel girder bridges (Austroads 2009a)
configurations of a truss bridge are shown in Figure 2.9. The members steel members of a
truss bridge are connected by pins. In an idealised truss the members are only subjected
to axial forces, either compression or tension. A truss bridge doesnt have any member
redundancy as the whole structure relies on each member performing. If a member fails
then the triangulation of forces is lost (Austroads 2009a). Some notable steel truss bridges
in Queensland are the Story Bridge in Brisbane and the Burdekin River Bridge pictured
in Figure 2.10 located near Ayr. Steel truss bridges are no longer used in Queensland as
there are more economical solutions available (Department of Main Roads 2006).
Figure 2.9: Truss configurations (Austroads 2009a)
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Figure 2.10: Burdekin River Bridge, Ayr, Queenalnd (Burdekin Shire Council 2012)
A suspension bridge is the last main type of steel bridge. They are not common in
Australia as they are only economical for very large spans up to a maximum of 2 km
(Department of Main Roads 2006). The suspension bridge features elements that are only
in tension. A suspension bridge works by having two cables suspended between two pylons
in a curved shape. The bridge deck is supported by the two cables by vertical hangers
that are vertically attached to the main two cables. The main cables are usually anchored
to ground at both ends of the bridge (Corus Construction Services & Development 2007).
2.2.4 Timber Bridges
Timbers bridges were the first type of bridge used throughout Australia and Queensland
since its been settled through to the middle of the twentieth century. Between 1926 and
1975 Main Roads Queensland built approximately 1300 timber bridges (Westcott 2008).
There is only less than 450 timber bridges still in service and have an average age of 60
years. As vehicular loads get higher and the timber bridges start to age they will have to
be gradually replaced, except for those that are heritage listed. The most common type
of timber bridge in Australia was the girder bridge. Similar to the other types of girder
bridges it features longitudinal round timber girders that support the deck. The girders
are supported by timber piles. A simple girder bridge used throughout Queensland is
shown in Figure 2.11. A timber bridge can also be in the form of a truss. This was used
when longer spans were required as the girder type was unsuitable as many had been
washed away in floods (Austroads 2009a). The timber truss was popular in New South
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Wales in the late 1800s to early 1900s.
Figure 2.11: New Country Creek bridge near Kilcoy, timber girder bridge (Westcott 2008)
2.3 Types of loading with repspect to AS 5100
Bridges are designed to a certain capacity and are designed to cope with a number of
loading situations. These include dead loads, traffic loads, collision loads, winds loads,
earthquakes and loads resulting from water flow. These different types of loading will be
discussed and related to the Australian Standard for Bridge Design AS 5100.2 Design
loads.
2.3.1 Dead loads
The dead load of a bridge is the permanent load acting on the structure due to grav-
ity caused from the weight of structure and other elements attached to it (O’Brien &
Keogh 1999). According to the Australian Standard AS 5100 the dead load of a bridge
is calculated by multiplying the volume by the density for each element. A superimposed
dead load is the weight of materials which are not structural elements and may vary
during construction and use of the structure. Some examples include surface material,
tram tracks, pipes, cables, conduits and other utility services (Standards Australia 2010).
There are load factors γg and γgs for both dead and superimposed dead load respectively
that are applied to the calculated loads. The factors vary depending on the type of limit
2.3 Types of loading with repspect to AS 5100 15
state design whether it is ultimate or serviceability.
2.3.2 Traffic Loads
The traffic loads on a bridge include loads from passenger vehicles, trucks and pedestrians.
The Australian Standard AS 5100 has several load combinations to deal with traffic. These
are grouped under the SM1600 loads which include the W80 wheel load, A160 axle load,
M1600 moving traffic load and the S1600 stationary traffic load. The W80 wheel load tries
to model an individual heavy wheel load. The load is 80 kN that is uniformly distributed
over an area of 400 mm × 200 mm. The W80 load can be applied anywhere on the road
surface where the critical load is a single wheel load. The A160 axle load has a heavy
axle load of 80 kN per wheel with the same contact area for the W80 load and separated
by 2000mm centre to centre. The M1600 moving traffic load is indicated in Figure 2.12.
This load models a stream of moving traffic in a standard design lane of 3.2 m. It features
Figure 2.12: M1600 moving traffic design load (Standards Australia 2010)
a uniformly distributed load of 6 kN/m and several truck loads of 360 kN. Finally the
S1600 stationary traffic load, as illustrated in Figure 2.13, models the loads produced by
a stationary queue of traffic. This loading consists of a uniformly distributed load of 24
kN/m and several truck loads of 240 kN.
2.3.3 Horizontal forces
Centrifugal force can occur on bridges with horizontal curves caused by a moving traffic
load. This force is applied at the deck level. Another horizontal force that can occur is
braking forces. This section of AS 5100.2 outlines the braking forces for a single vehicle
stopping and for a multi-lane moving traffic stream stopping. Wind loading is also a
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Figure 2.13: S1600 stationary traffic design load (Standards Australia 2010)
horizontal force and is discussed in detail in the standard.
2.3.4 Water flow
The Australian Standard AS 5100.2 outlines a number of different types of forces that
act on bridges from normal water flow to extreme flood events. The standard stipulates
that for an ultimate limit states design the bridge must be able to withstand a 2000 year
ARI flood without collapsing. Damage to the stream bed and embankments may occur
but the structural integrity must be maintained. For a serviceability limit states design
the bridge must remain open during a flood or if overtopping occurs there shall be no
damage to any elements of the bridge system. The serviceability design flood is a 20 year
ARI flood. The types of forces due to water flow outlined in the standard include forces
on piers, forces on superstructure, forces due to debris and impact forces from logs.
2.3.4.1 Drag and lift forces on piers
The water forces on the bridge piers can be either drag forces or lift forces. Drag forces
act parallel to the face of the pier or in the general direction of the water flow. The
ultimate design drag force on a pier is given in Equation (2.1a). The serviceability drag
force is given in Equation (2.1b).
Fdu = 0.5CdV
2
uAd (2.1a)
Fds = 0.5CdV
2
s Ad (2.1b)
In the above equations Cd represents that drag coefficient which depends on the shape of
the pier. The standard gives a few options if exact estimates are not available. The drag
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coefficient can be 0.7 for a semi-circular pier nosing, 1.4 for a square end pier nosing and
0.8 for a wedge nosing. According to Austroads (2009b) bridge piers should be designed
to have a streamline flow as to limit constriction of the stream flow and scouring (erosion
of the stream bed around foundations.) Circular columns have better streamline effect
compared to rectangular columns. Wall type piers are better than individual columns for
streamlining and thus will have a lower drag force. Vu and Vs are the mean velocity of
water flow (m/s) at the level of the superstructure for ultimate limits states and service-
ability limits states designs respectively. Ad is an area equal to the thickness of the pier,
normal to the water flow, multiplied by the height of water flow.
The lift forces that act on a pier occur perpendicular to the plane of the pier or approxi-
mately perpendicular to the flow of water. The lift forces for ultimate and serviceability
design are given in equations (2.2a) and (2.2b) respectively. CL, the lift coefficient, is
dependent on the angle that the water flow makes with the centreline of the pier. The
lift coefficient can be estimated as being 0.9 for angles equal to or less than 30◦and 1.0
for angles greater than 30◦. AL is the area equal to the width of the pier multiplied by
the height of water flow.
FLu = 0.5CLV
2
uAL (2.2a)
FLs = 0.5CLV
2
s AL (2.2b)
2.3.4.2 Drag and lift forces acting on superstructure
The forces on a bridge superstructure from water flow can be split into three types; drag
force, vertical lift force and a moment about the girder soffit. The drag force on the
superstructure is similar to that of the piers. The drag force for ultimate design and
serviceability design are given in equations (2.3a) and (2.3b) respectively.
Fdu = 0.5CdV
2
uAs (2.3a)
Fds = 0.5CdV
2
s As (2.3b)
As is the wetted area of the superstructure including railings or parapets if submergence
occurs. The drag coefficient for the superstructure, Cd, is obtained from the graph in
Figure 2.14. The drag in this Figure also relies on two other factors Sr and Pr, which are
the relative submergence and proximity ratio respectively. They are given in the below
equations (2.4) and (2.5). Where dwgs is the vertical distance from the girder soffit to
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Figure 2.14: Superstructure drag coefficient (Cd) (Standards Australia 2010)
the water surface, dsp is the wetted depth of the superstructure including any railings,
ygs is the average vertical distance from the girder soffit to the stream bed and dss is the
wetted depth of the superstructure excluding any railings, but including solid parapets.
These definitions are illustrated in Figure 2.15
Sr =
dwgs
dsp
(2.4)
Pr =
ygs
dss
(2.5)
The lift force on the superstructure acts vertically in a positive direction. The ultimate and
serviceability design forces use the same formula as a pier so they are given in equations
(2.2a) and (2.2b) respectively. The lift coefficient CL is obtained from the graph in
Figure 2.16. The relative submergence is used again from Equation (2.4). From the graph
two CL values are obtained for one Sr value. The higher value is used for determining
the resistance of the structure to overturning. The lower value is a downward force and
is used in the design of the girders, substructure and foundations. This downward force
should be combined with the moment, which is discussed next. AL is the area of the deck
for the superstructure.
2.3.4.3 Moment
A moment on the superstructure is produced by the drag and lift forces acting on it.
The moment acts about the centre-line of the longitudinal axis at the soffit level of the
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Figure 2.15: Dimensions for Sr and Pr (Standards Australia 2010)
superstructure. The ultimate design moment and serviceability design moments are given
in equations (2.6a) and (2.6b). The moment coefficient is found in the graph in Figure 2.17
which is based on Sr and Pr.
Mgu = 0.5CmV
2
uAsdsp (2.6a)
Mgs = 0.5CmV
2
s Asdsp (2.6b)
2.3.4.4 Debris load
A debris load can act on either the piers or the superstructure depending on the depth
of the water. The debris force acts as a mat and the size depends on the amount of
vegetation in the catchment, the flow depth and the length of the superstructure. As an
estimate the standard suggests to use a minimum depth of 1.2 m to a maximum depth of
3 m for the debris mat. The debris load will be acting on the piers when the flood level
is below the superstructure. The length of the debris mat is said to be taken as one half
of adjacent spans or 20 m, whichever is the smallest. The load is applied at the midpoint
of the debris mat. If the flood is above a level 600 mm below the soffit level then the
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Figure 2.16: Superstructure lift coefficient (CL) (Standards Australia 2010)
Figure 2.17: Superstructure moment coefficient (Cm) (Standards Australia 2010)
debris load is said to be acting on the superstructure. The length of the debris mat is the
same length of the superstructure. The debris load should be applied at the midpoint of
the superstructure. For the ultimate design and serviceability design the debris load can
be calculated with equations (2.7a) and (2.7b). The debris forces are not meant to be
combined with other water flows except for analysing the resistance of the structure to
overturning. An upward lift force, with a CL of 0.5, acting on the superstructure will be
used for this case.
Fdu = 0.5CdV
2
uAdeb (2.7a)
Fds = 0.5CdV
2
s Adeb (2.7b)
Adeb is the projected area of the debris mat. The drag coefficient, Cd, can be found from
the graphs in Figure 2.18 for debris acting on a pier or Figure 2.19 for debris acting on
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the superstructure.
Figure 2.18: Drag coefficient for pier under debris laoding (Cd) (Standards Australia 2010)
Figure 2.19: Drag coefficient for superstructure under debris laoding (Cd) (Standards
Australia 2010)
2.3.4.5 Impact load
During a flood floating logs may be an issue for bridges if they happen to impact on the
piers or superstructure. The standard suggests using a log with a minimum mass of 2 t
and will be assumed to come to stop after collision at a distance of 300 mm for timber
piers, 150mm for hollow concrete piers and 75 mm for solid concrete piers. The average
collision force (kN) acting on a pier is given in Equation (2.8) (Hamill 1999). Where m is
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the mass of the moving log (tonnes), V is the velocity (m/s) and d is the distance before
it comes to rest (m).
F =
mV 2
2d
(2.8)
2.3.4.6 Buoyancy
Buoyancy will be considered if the superstructure of the bridge is submerged. The buoy-
ancy force is an uplift force equal to the weight of water displaced by the submerged
bridge. If a bridge superstructure has a closed void design such as a box girder, then
air pockets can develop in these voids making the bridge more buoyant (Zevenbergen,
Arneson, Hunt & Miller 2012). In Queensland girders are provided with air vent holes to
allow the air to escape. In the event of a flash flood the air vents will not work effectively.
Therefore where bridges are prone to flooding the girders are bolted down in order to
vertically restrain them (Jones & Spathonis 2007).
2.4 Bridge Failure due to flooding
2.4.1 Failure types and causes
In an extreme flood event there are many ways a bridge could fail. Damage can occur to
the superstructure which includes damage to the girders, deck and surface; damage to the
substructure includes piers, abutments and bearings. Setunge et al. (2014) have developed
a set a failure criteria for different components of a bridge due to flooding. These are
presented in Table B.1. Lebbe, Lokuge, Setunge & Zhang (2014) lists a template that was
used to inspect bridges for flood damage in the Lockyer Valley, Queensland. It is based
on the Queensland Department of Transports and Main Roads Level 1 bridge inspection.
It is presented below.
• Approaches
– signs and delineation- missing, damaged or obscured
– guardrails missing or damaged
– road drainage blocked inlets/ outlets
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– road surface missing or damaged, settlement or depression
• Bridge surface
– bridge surface missing or damaged, scuppers blocked
– footpaths damaged
– Barriers/handrails damaged, missing fixings, loose post base
– expansion joints loose or damaged, missing or damaged seal, obstructions in
gap
• Waterway
– debris against substructure
– debris against superstructure
– bank erosion
– scour holes
– damage to scour protection
• Substructure (abutments)
– movement of abutments
– movement of wing walls
– scour of spillthrough
• Substructure (piers)
– movement of piers
– rotation of piers
– scour around piers
• Substructure (bearings)
– missing, damaged or dislodged
– poorly sealed
• Superstructure (deck)
– damage
– debris on deck
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– rotation of deck
– dipping of deck over piers
• Superstructure (girders)
– damage
According to Lebbe et al. (2014) the main failure mechanisms for bridges observed during
the 2013 flood event in the Lockyer Valley were; damage to bridge deck and approach;
pier and abutment scouring; build-up of mud and debris on structure; undermining of run
on slabs; cracking in abutment wing walls; and abutment headstock unseating from piers.
The Department for Transport UK (1994) identifies different types of failure for bridges
due to hydraulic action in their design manual for roads and bridges. The failure modes
listed are failure due to scour; failure due to bank erosion; failure due to hydraulic forces
on piers; failure due to hydraulic forces on bridge decks; failure due to debris; and failure
due to ship collisions. Damage caused by scour and debris will be discussed further as
both of these are common causes for failure.
2.4.2 Scour
Scour in a stream or river occurs when material is removed or excavated from the bed
or banks as a result of erosive action from high velocity water flow (Hamill 1999). The
main types of scour are degradation scour, contraction scour and local scour. Degradation
scour occurs over a long term and results in the gradual erosion of the stream bed over a
large area. It can be due to a number of natural or manmade changes to the catchment
area such as changes in hydrology, hydraulics or sediment transportation. Urbanisation
is an example of a manmade change. This type of scouring affects bridges in that the
overall level of the channel may change over time and could lead to failure if the channel
erodes too much (Hamill 1999).
Scour can also be divided between clear-water scour and live-bed scour. These occur
for contraction and local scour. Clear-water scour occurs when the mean velocity of the
water flow is lower than the critical velocity for the bed material. This means that no bed
material will be transported from the upstream reach to the downstream reach. Any local
scour hole that occurs will not be refilled by any material from the upstream flow. The
maximum scour depth for a local scour hole is reached when the local velocity, around
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the hole, is low enough that it can no longer remove material (Hamill 1999). Another
definition is that the scour area increases until the shear stress on the bed is equal to the
critical shear stress for a certain particle size of bed material (Department of Transport
and Main Roads 2013). The shear stress on the bed is shown in Equation (2.9) and the
critical shear stress is given in Equation (2.10). Where ρ is the density of water, g is
gravity, n is the Mannings roughness, v is the mean velocity of the flow (m/s), y is the
flow depth (m), Ks is the Shields coefficient, and ρs is the density of the bed material.
τo = ρgn
2v2/y1/3 (2.9)
τc = Ksgy(ρs − ρ) (2.10)
Live-bed scour is the opposite of clear-water scour. It occurs when the mean velocity of
the flow is greater than the critical velocity of the bed material. This means that the
flow is continuously transporting sediment from the upstream section to the downstream
section and into a scour hole. In a uniform channel a scour hole will not occur, but in
reality increases in velocity, caused by bridge elements, will still create scour holes. An
equilibrium depth of a scour hole will be reached when the rate of material going in the
hole equals the rate of material leaving the hole (Hamill 1999).
The second type of scour is contraction scour. This type of scour occurs when the flow
area of a stream is constricted usually by a structure such as a bridge or by a natural
narrowing of the stream. A decrease in flow area results in a higher velocity and therefore
a high bed shear stress. This causes scour to occur around the bridge. The elevation
of the stream bed will gradually reduce thus increasing the flow area and decreasing the
flow velocity. This will result in an equilibrium situation where the amount of material
coming in is the same amount as the material leaving or that the shear stresses are low
enough that no material is removed (Arneson, Zevenbergen, Lagasse & Clopper 2012).
Figure 2.20 illustrates contraction scour on a bridge.
The final type of bridge scour is local scour, which occurs around piers and abutments.
The water flowing past the pier or abutment forms complex vortices around the base as
shown in Figures 2.21 and 2.22. The vortices occur on either side of the pier or abutment
in the form of horseshoe vortices and wake vortices. The interruption to the flow by the
pier or abutment causes the flow to accelerate around the corners. The vortex system
forces the flow in a downward direction and thus scour will occur if the shear stress
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Figure 2.20: Contraction scour (Department of Transport and Main Roads 2013)
generated is high enough. The scour depth depends on when the shear stress drops below
the critical shear stress for the bed material or under live-bed scour conditions when the
amount of material transported into the hole is the same as the material being removed
(Department of Transport and Main Roads 2013).
Figure 2.21: Local scour around a bridge pier (Hamill 1999)
Department of Transport and Main Roads (2013) states that a bridge and its foundations
should be designed to withstand scour caused by flooding much greater than the design
flood. It is more economical to construct a fail proof foundation for large floods than to
be repairing scour damaged foundations from smaller floods. To calculate the depth of
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Figure 2.22: Local scour around a bridge abutment (Hamill 1999)
scour at the bridge pier Department of Transport and Main Roads (2013) recommends
that the HEC-18 pier equation be used which is based on the Colorado State University
CSU Equation. It is illustrated in Equation (2.11).
ys
y1
= 2.0K1K2K3
[
a
y1
]0.65
F 0.43r (2.11)
Where ys is the scour depth (m), y1 is the upstream flow depth (m), K1 is the correction
for the pier nose shape, K2 is the correction for the angle of attack, K3 is the correction
factor for the bed condition, a is the pier width (m) and Fr1 is the Froude number upstream
of the pier = V1/(gy1)
0.5. The abutment scour can be calculated with the Modified HIRE
Equation or Froehlich’s equation. The HIRE equation is applicable when the ratio of
the projected abutment length to the flow depth is greater than 25. The modified HIRE
equation is given in Equation (2.12).
ds
y1
= 4Fr0.331
K1
0.55
K2 (2.12)
Where ds is the scour depth (m), K1 is the coefficient for abutment shape and K2 is
the coeeficient for skew angle of embankment to the flow. The Froehlich abutment scour
equation is given in Equation (2.13).
ds
y1
= 2.27K1K2
[
L′
ya
]0.43
Fr0.611 + 1 (2.13)
Where L’ is the length of the abutment projected to the flow, and Fr1 is the Froude
number of the approach flow adjacent to and upstream of the abutment.
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2.4.3 Debris
Debris accumulation can cause significant damage to a bridge and can lead to bridge
collapse. A report produced by Parola, Apelt & Jempson (2000) state the conditions
where bridge failure has been caused by debris accumulation. The debris build-up on
bridges causes a contraction of the flow through the bridge opening. This generates a
rise in the upstream water levels and an acceleration of the water flow through the bridge
opening, therefore creating a higher loading on the bridge. Severe debris blockage can
occur when tree log lengths are greater than the width of adjacent piers. The depth of
a debris mat as defined by the standard should be between 1.2 m and 3 m. Murray &
Kemp (2011) states that during the 2011 flood study of the Lockyer Valley most bridges
had debris mats of 3 m and is therefore recommended that this value be used for design.
The accumulation of debris on a bridge can also have an impact on the scour of bridge
piers. The blockage of debris around a bridge pier forces the water flow below the debris
and downwards towards the base of the pier. Spiral vortices occur which generates the
scour around the pier. The scour effect is greater when the width is debris blocking the
flow is larger (Lagasse et al. 2010). This is illustrated in Figure 2.23.
Figure 2.23: Bridge pier scour induced from debris (Lagasse et al. 2010)
2.4.4 Australian bridges subjected to extreme flood events
In the most recent extreme flood events, in 2013 and 2011, quite a number of bridges were
damaged due to flood waters. Bridge infrastructure in Lockyer Valley suffered damage
from both of these flood events. One particular bridge that sustained damage in 2011 is
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Kapernicks Bridge which is located on Flagstone Creek Road near Helidon. The bridge
has 3 × 20m spans which consist of four I-girders cast in-situ with the deck (Murray &
Kemp 2011). The bridge is illustrated in Figure 2.24a where the water level of Lockyer
Creek is rising. Half an hour later the bridge is fully submerged by floodwaters as shown
in Figure 2.24b.
(a) Before water rise
(b) After water rise
Figure 2.24: Kapernicks Bridge (Murray & Kemp 2011)
According to Murray & Kemp (2011) this bridge was overtopped by 2 m of water and
had a debris mat along the full length of the bridge to a depth of 3 m. The bridge
suffered scour to the abutments and lost the approach embankment on one side, and it
also had significant cracking on two girders on the superstructure due to log impact. The
washed away approach is shown in Figure 2.25a and the cracking in the girder is shown
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in Figure 2.25b.
(a) Approach washed away
(b) Cracking in girder
Figure 2.25: Damage to Kapernicks Bridge (McPerson 2011) and (Murray & Kemp 2011)
Several other bridges were damaged in the Lockyer Valley in these flood events. A washed
away abutment on the Gatton-Esk Road Bridge over the Lockyer Creek is shown is
Figure 2.26. The Geoff Fisher Bridge, located near Fernvale and crosses the Brisbane
River, was subjected to scour around its piers and the foundation piles were exposed as
illustrated in Figure 2.27. Two timber bridges also required replacement after these flood
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events (Pritchard 2013).
Figure 2.26: Abutment washed away on Gatton-Esk Road bridge (Ezeajugh 2014)
Figure 2.27: Scour around pier and exposed piles on Geoff Fisher Bridge (Ezeajugh 2014)
2.5 Vulnerability
2.5.1 Measuring vulnerability of bridges and structures
Vulnerability is hard to define from an engineering or scientific point of view, as it is not
something that can be easily measured. There is no universal definition for vulnerability as
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different areas and disciplines have their own (Birkmann 2006). ‘Natural scientists define
vulnerability as the expected degree of loss resulting from the impact of a hazardous
phenomenon of a given magnitude and frequency on elements at risk exposed’ (Fuchs,
Birkmann & Glade 2012, p. 1973). This approach looks at the susceptibility of physical
components at risk from natural processes. Measuring vulnerability can give emergency
services and associated people the information they need to provide improved mitigation
strategies for extreme events (Oh et al. 2010).
There are theories for vulnerability for structures and critical infrastructure and how they
perform as a system. Agarwal, Blockely & Woodman (2001) mentions that how a system
is vulnerable indicates how weak it is or in other words how susceptible it is to damage.
They also define a system as vulnerable if any external action causes impairment of any
function such that is causes damage to the system. Lind (1994) has defined vulnerability
as a probability based measure as the ratio of the probability of failure for a damaged
state to the probability of failure to a pristine state. Zio (2014) says that the vulnerability
of a system determines the level of consequence from a hazard and is also dependent on
three other concepts; the degree of loss and damages from hazards; degree of exposure
to hazards; and the degree of resilience which measures the systems ability to cope and
recover from the impact of a hazard.
Chavel & Yadlosky (2011) has used a fault tree diagram to depict the failure modes of a
bridge and the paths or events that lead to failure. It can show how the structure reacts
to different events and help predict the modes of failure. A fault tree can be presented
in either a qualitative or quantitative form. In the quantitative formed the probabilities
of certain events occurring is determined. The vulnerability of a bridge can be found by
using the probability of each event in the fault tree occurring.
Vulnerability is not the only indicator of how a bridge may perform during a flood event.
Resilience can also be used to analyse how a bridge performs in extreme events. Resilience
is the ability of a system to reduce and absorb shock and to recover from an event that
causes shock (Agarwal, Liu & Galvan 2014). According to Bruneau (2003) resilience can
be further defined into the following properties: robustness, redundancy, and rapidity.
Where robustness is the ability to endure a certain level of stress without losing any
functionality; redundancy is the ability of a system to make elements substitutable while
still maintaining functionality in the case where the system is disrupted; and rapidity is
the ability to contain losses in a timely manner to avoid further disruption. In terms
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of vulnerability, a resilient system is not vulnerable and is able to still function after an
extreme event (Agarwal et al. 2014).
2.5.2 Available vulnerability indices and other performance indicators
In the literature there are a number of indices which are used to quantify the vulnerability
and many other performance indicators. The vulnerability index proposed by Lind (1994)
is given in Equation (2.14). Where P(rd, S) is the probability of failure of the system in
the damaged state and P(r0, S) is the probability of failure of the system in the undamaged
state. The damage tolerance of a system is said to be the reciprocal of vulnerability.
V = V (rd, S) =
P (rd, S)
P (r0, S)
(2.14)
Frangopol & Saydam (2011) defines the probability of failure as the probability of an
event where the resistance of the section or component is smaller than the load effects.
The probability is evaluated in Equation (2.15).
Pf = P (g ≤ 0) =
∫ ∞
0
FR(s)fQ(s)ds (2.15)
A reliability index proposed by Ghosn & Frangopol (1999) accounts for the uncertainties
in the loading of a system and how the system may handle the loading. The reliability
index uses probability distributions to account for the random behaviour of the load cases
and load capacity of the system. If R is defined as the member resistance and S as the
load effect then reliability is said to be the probability that R is greater than S. The
reliability index is given in Equation (2.16).
β =
R− S√
σ2(R) + σ2(S)
(2.16)
Where R and S are the mean values for load resistance and load effect, and σ(R) and σ(S)
are the standard deviations for the resistance and load effect respectively. The probability
of failure is then defined as:
Pf = 1− Φ(β) (2.17)
Where Φ(.) represents the normal probability function.
Roads and Maritime Services NSW use a bridge condition index that can determine the
risk of failure for a bridge. This condition index uses a weighting factor for risk of failure
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from 0 to 10. A zero represents the case where the element that fails has no effect on the
structural integrity of the overall system. A 10 represents the case where failure of an
element would immediately affect the structural integrity of the bridge such as the failure
of a pier. The bridge condition index is given in Equation (2.18) (Lake & Seskis 2013).
Cs =
m∑
i=1
wiCi (2.18)
Where wi is the weighting factor for the risk of failure, m is the number of elements in
the bridge, and Ci is the element condition index.
A vulnerability index based on the ultimate load carrying capacity of a bridge was pro-
posed by Yan & Chang (2010). If N0 is the ultimate load multiplier for the undamaged
state and Nd is the ultimate load multiplier for the damaged state then the vulnerability
index is:
V =
N0 −Nd
N0
(2.19)
The index varies between 1 and 0 with V=1 meaning that the damage will lead to collapse
as the load carrying capacity with damage is zero and when V=0 this means that there
is no effect to the bridge from the damage.
A vulnerability rating by Patidar et al. (2007) is a subjective measure of the likelihood of
failure caused by an event based on the type of vulnerability and failure. The procedure
for calculating the vulnerability rating is illustrated in Figure 2.28. The exposure category
is a function of the annual average daily traffic (AADT) and the function or purpose of
the road, for example an arterial or local road. The values for each parameter are summed
together following the sequence in the figure, in order to calculate the final vulnerability
rating score. Typical values that can be assigned to each parameter are shown in Table 2.1.
Once the vulnerability rating score is known it is converted to a score from 1-5, with 1
being the most vulnerable and 5 the least vulnerable.
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Figure 2.28: Procedure for determining vulnerability rate (Patidar et al. 2007)
Table 2.1: Vulnerability rating parameter values (Patidar et al. 2007)
Vulnerability Class Likelihood Score
High 10
Medium 6
Low 2
Not Vulnerable 0
Failure Type Failure Type Score
Catastrophic 5
Partial Collapse 3
Structural Damage 1
Traffic Volume Traffic Volume Score
>25,000 AADT 2
4,000-25,000 AADT 1
<4,000 AADT 0
Functional Classification Functional Classification Score
Interstate Freeway 3
Arterial 2
Collector 1
Local Road & Below 0
There are some vulnerability indices which assess bridges for their susceptibility to scour.
Barbetta et al. (2015) uses two different vulnerability indices to assess scour of bridge
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piers and abutments. The simpler approach named the SVI (Scour Vulnerability Index)
is defined as the ratio of the maximum total scour depth at the base of the pier or
abutments ds and the depth of the foundation df . This is given in Equation (2.20).
SV I =
ds
df
(2.20)
The scour depth can be calculated from the empirical equations as mentioned earlier in
Section 2.4.2 or through computer analysis such as HEC-RAS. From the SVI four classes
of vulnerability can be determined: SVI ≤ 1/3, null vulnerability; 1/3 <SVI <2/3, low
vulnerability; 2/3 ≤ SVI ≤ 1, middle vulnerability; SVI >1, high vulnerability.
A more comprehensive approach is also used which is based on vertical instability. The
vulnerability index due to vertical instability is given as:
IV = (1− FV V )FV S (2.21)
Where FV V is a factor quantifying the vulnerability due to vertical vulnerability and is
given in Equation (2.23), and FV S is a factor related to the vertical instability of the river
and is given in Equation (2.22).
FV S =
∑
i
pi∑
i
mi
(2.22)
The values of pi and mi are calculated using the information in Table B.2.
FV V =
nf∑
k=1
pk
4nf
(2.23)
Where nf is the total number of piers and abutments, and the information for determining
pk is found in Table B.3.
Robustness is another type of performance indicator for a structure as it can determine the
tolerance to extreme loads that a structure may handle (Baker, Schubert & Faber 2008).
A robustness index by Baker et al. (2008) is based on the direct and indirect risk. A robust
system is said to one where indirect risk does not add to the overall system risk. Direct
risk is one that is associated with the damage event whereas indirect risk is associated
with the failure of the system due to the damage. The robustness index is given as:
IRob =
RDir
RDir +RInd
(2.24)
Another robustness index is mentioned by Sørensen (2011) is related to the reliability of
the system. Using the reliability index in Equation (2.16), the reliability for the damaged
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and intact system can be calculated. The second robustness index is given by:
IR =
βdamaged
βintact
(2.25)
A higher value for the robustness index will indicate that the system is more robust.
A summary of the performance indicators such as vulnerability, reliability and robustness
found in the literature are presented in Table 2.2.
Table 2.2: Summary of existing performance indicators
Indicator type Equation
Vulnerability - probability based (Lind 1994) V =
P (rd, S)
P (r0, S)
Reliability (Ghosn & Frangopol 1999) β =
R− S√
σ2(R) + σ2(S)
Condition index (Lake & Seskis 2013) Cs =
m∑
i=1
wiCi
Vulnerability - load carrying capacity based (Yan & Chang 2010) V =
N0 −Nd
N0
Scour vulnerability - simple (Barbetta et al. 2015) SV I =
ds
df
Scour vulnerability - detailed (Barbetta et al. 2015) IV = (1− FV V )FV S
Robustness - risk based (Baker et al. 2008) IRob =
RDir
RDir +RInd
Robustness - reliability based (Sørensen 2011) IR =
βdamaged
βintact
Chapter 3
Methodology
3.1 Outline
The methodology for this project included modelling a simple bridge in the finite element
software, Strand 7 and also a case study bridge located in the Lockyer Valley. The flood
loads were determined in accordance with AS 5100.2 were applied to the simple bridge to
simulate the water, debris and impact forces on the bridge. To simulate localised failure
or damage, an element or part of an element was removed from the model. The stresses
and displacements were observed and were compared to the safe ranges for the specific
material to determine if overall failure had occurred. These results were used to calculate
the vulnerability indices and other performance indicators as found in the literature based
on the load capacity and probability of failure.
3.2 Model development
3.2.1 Finite element modelling
Finite element modelling forms the basis of the analysis for this project. A finite element
model consists of individual elements which make up the entire structure. The elements
are connected together through nodes. Each element may be assigned different material
properties. Degrees of freedom are assigned to the nodes to restrain them such they can
only move in the desired directions. This is generally at the supports of a structure.
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Depending on the degrees of freedom applied a node may be restricted in its movement
in the x, y and z directions and also its rotation about theses axes.
The general procedure of a finite element model is to firstly break the structure into small
elements so that they form a mesh. These elements are connected together at nodes which
yields a system of equations with many unknowns in the form of a matrix. Loads are
applied to the elements and material properties such as the modulus of elasticity, Poissons
Ratio and density are assigned. The equations are solved by the program and results such
as stress or displacements are obtained.
3.2.2 Simple bridge - geometry
The simple bridge that used for the early simulations was a middle span of a concrete
slab bridge. The dimensions for this bridge are shown in Figure 3.1. It features a 15.4 m
span and an 8.1 m width with a 7.5 m road width. The bridge also has 1 m × 1 m piers
which are 5.5 m long. The bridge is simply supported with a pin support at one end and
a roller support at the other.
3.2.3 Element types and mesh size
In Strand 7 there are three different element types which can be used in the finite element
modelling process, which are beams, plate and bricks. Beam elements are used for one
dimension applications such as a line load acting on a girder or the modelling of a truss
system. One beam element is usually located between two nodes. A plate represents a
thin two dimensional surface. Plane stress can be applied to a plate surface. A plate can
also be used to model thin walled structures such as a pressure vessel. The final element
type, which are bricks, are used to model solid three dimensional objects. Brick elements
were used in this project to model the bridge structure. For the simple bridge model the
nodes at the end of the span were restrained by assuming a pinned connection at one
end and a roller support at the other. This represents a simply supported span where
no displacement is allowed in the vertical direction for both supports, and no movement
horizontally for the pinned support. Rotation was allowed about the axis perpendicular
to the bridge span.
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Figure 3.1: Dimensions of simple bridge
The single span bridge of 15.4 m was broken into 15 segments approximately 1.027 m in
length. For width and depth the bricks were subdivided into segments of 100 mm. The
piers of the bridge were subdivided into 100 mm × 100 mm × 100 mm bricks squares. In
total there were 52 780 brick elements used in the model.
3.2.4 Material properties
The main material used in the bridge analysis was reinforced concrete. Strand 7 lacks
the ability to model the steel reinforcement in brick elements. Therefore the effect of the
reinforcement will be neglected. For elastic analysis the reinforcement would not affect
the results significantly as the concrete will contribute to the majority of the stiffness
(Barrat 2015). The simple bridge model used 40 MPa concrete which has a modulus of
elasticity of 34 500 MPa.
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3.2.5 Load cases for simple bridge
The simple bridge was analysed under a number of different load and flood cases. The
main load cases were the hydrodynamic forces which include the drag and lift forces,
and also the moment. The debris forces which acted alone and the log impact force was
in combination with the other water forces. The submerged and partially submerged
cases as outlined in the standard are also investigated. These loads will be calculated in
accordance with AS 5100.2 which was explained in detail in Section 2.3.4.
For the ultimate limit states the design flood was assumed to have a mean velocity of 5
m/s. For the submerged case it was assumed that there was 2 m of water above the soffit
level. It is also assumed that the depth to the stream bed from the soffit level was 5 m.
For the partially submerged case the water level was 0.6 m above soffit or at the road level.
For calculating the debris load the bridge was be said to have a debris mat with a depth
of 3 m which is the maximum depth indicated in AS5100.2 and will give the most adverse
effect. Lastly for the log impact a 3 tonne log was used with a stopping distance of 75
mm. The parameters for determining the drag, lift and moment coefficients are given in
Table 3.1. These parameters are given in reference to Figure 2.15. The calculated loads
are shown in Table 3.2.
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Table 3.1: Parameters for determining flood loads
Parameter Submerged case Partially submerged case
dwgs 2 m 0.6 m
dss=dsp 0.9 m 0.6 m
ygs 5m 5m
Sr (dwgs/dsp) 2.22 1
Pr (ygs/dss) 5.56 8.33
Cd 2.0 1.3
Cd (pier) 1.4 1.4
CL (+ve) 0 0.1
CL (-ve) -1.4 -2
CL (pier) 0.9 0.9
Cm 3.5 1.5
Cd (debris) 0.8 0.8
As 13.86 m
2 9.24 m2
Ad 5 m
2 5 m2
AL 124.74 m
2 124.74 m2
AL (pier) 5 m
2 5 m2
Adeb 46.2 m
2 46.2 m2
Volume 77.616 m3 74.844 m3
Table 3.2: Calculated flood loads
Load type Submerged case Partially submerged case
Drag force (Fdu) 346.5 kN 150.15 kN
Lift force (+ve) (FLu) 0 155.93 kN
Lift force (-ve) (FLu) -2183.0 kN -3118.5 kN
Drag force (pier) (Fdu) 87.5 kN 87.5 kN
Lift force (pier) (FLu) 56.25 kN 56.25 kN
Moment (Mgu) 545.74 kN.m 155.93 kN.m
Debris 462 kN 462 kN
Log impact 333.3 kN 333.3 kN
Buoyancy 761.4 kN 734.2 kN
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The flood loads will be applied in a number of combinations. The first combination
will include the drag, lift and buoyancy forces. The second combination will be the
moment and downward lift force. The third combination will be the debris load applied
independently and may be applied with an upward lift force and buoyancy to determine
the resistance to overturning. Lastly the log impact will be applied along with the drag,
lift and buoyancy forces.
3.3 Selected Vulnerability indices
From the vulnerability indices mentioned in the literature review, three have been selected
to be used for the analysis of results. The probability based vulnerability index by (Lind
1994) was selected as it provides a comparison for the probabilities of failure for different
states of damage. In order to calculate the probability of failure the reliability needs to be
calculated. The reliability index by (Ghosn & Frangopol 1999) is used for this purpose.
The probability of failure was calculated using the normal distribution relationship as
mentioned in Section 2.5.2. The reliability index is dependent on the standard deviation of
the load and also the resistance of the structure. The standard deviations were determined
from the coefficient of variation which, for the purpose of the simple bridge results, was
assumed to be 20%. The load carrying capacity vulnerability index by (Yan & Chang
2010) was also chosen as it provides a simple comparison based on the bridge capacity
in the damaged and undamaged states. Lastly the robustness index by (Sørensen 2011)
was chosen as it is based from the reliability index that will be used. These three indices
plus the reliability index should provide a good indication of how the bridge is affected by
different flood loads and also differing states of damage. Table 3.3 summarises the chosen
vulnerability and related indices.
3.4 Modelling process
The modelling process used in this project involved first simulating the bridge in the
undamaged state and obtaining the maximum stress for each load case. The linear static
analysis in Strand 7 was used for all the simulations. Damage was added to the bridge
model which is explained below. The simulation was run for the various damage scenarios
and the maximum stresses and load capacity for each load case was obtained.
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Table 3.3: Selected Vulnerability Indices
Index Formula
Reliabiliy Index β =
R− S√
σ2(R) + σ2(S)
Vulnerability Index - probability V =
P (rd, S)
P (r0, S)
Vulnerability Index - load capacity V =
N0 −Nd
N0
Robustness Index IR =
βdamaged
βintact
3.4.1 Damaged bridge cases
The first damaged case was that caused by large debris such as a log or a shipping container
impacting the centre of the bridge causing a crack in the concrete girder. For this case
the crack was modelled by adding a narrow section at the centroid of the outer girder
and providing it with a separate material property with a lower modulus of elasticity.
A modulus of 100 MPa was used for all cases. The brick mesh around the locality of
the crack was gradually decreased in width in order to provide a smooth transition to
the crack. The flood load applied was the impact force calculated based on the mass of
a shipping container and also the hydrodynamic water forces indicated in the standard.
This provided results that simulated the worst cases scenario. The water forces were
distributed evenly across the bridge while the impact force will be concentrated around
the centroid of the girder.
Another damage case was the cracking of a concrete bridge pier. This was modelled in a
similar way as the bridge girder crack. The crack was located at the centre of the bridge
pier. The impact force of a shipping container was applied to the pier.
3.4.2 Safe material ranges
The main material used in the bridge model was reinforced concrete. The safe ranges for
stress and displacement was used to determine if damage or failure had occurred during
the simulations. For concrete the characteristic strength is an indication of the concretes
compressive strength. If this is exceeded then the concrete will be crushed (Cement
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and Concrete Association of Australia and Standards Australia 2002). For the simple
bridge above, 40 MPa concrete was used. In tension concrete is weak so therefore steel
reinforcement is used to increase the tensile capacity. Typically N type steel reinforcement
is used which has a yield strength of 500 MPa (Concrete Institute of Australia 2012). As
Strand 7 has limited modelling capacity for reinforcement this is therefore outside the
scope of this project. The concrete tensile strength was used as the deciding factor for
the simple bridge. The concrete flexural tensile strength is given by: f ct.f = 0.6
√
f c
(Standards Australia 2009). For concrete with a compressive strength of 40 MPa, the
tensile strength will then be 3.795 MPa. With regards to displacement or deflection
the Australian standard for concrete structures, AS 3600, indicates the deflection limits
(Standards Australia 2009). For any concrete member the deflection limit is said to be
span/250. For members subjected to vehicular or pedestrian traffic then the limit is
span/800.
3.4.3 Probability of failure and load capacity
A bridge will have said to have failed if it is not able to function after the flood event
has past. In other words it is closed to traffic. From a structural point of view failure
occurs when the load exceeds the load capacity of a bridge. The probability of failure of
the bridge was calculated using the reliability index, which is explained in Section 2.5.2,
where the Normal Distribution is used. The reliability index is based on the load resistance
or capacity and the load effect, and their standard deviations. The load capacity was
determined from the finite element model by gradually increasing the load until the safe
ranges for stress or displacement were exceeded. This was done for the damaged and
undamaged states so that reliability index and thus the probability could be found for
both of these states. This information was then be used to calculate the vulnerability
indices and other bridge performance indicators. A variety of failure scenarios were used
in order to see what the bridge is most susceptible to.
The Strand 7 output offers a range of result options in terms of different types of stresses
and forces that can be analysed. For this project the stress that will be analysed will
be the Von Misses Stresses. Von Mises stress accounts for the three principal stresses,
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σ1, σ2, σ3, and is given in Equation (3.1).
σvm =
√
1
2
(
(σ11 − σ22)2 + (σ22 − σ33)2 + (σ33 − σ11)2
)
(3.1)
3.4.4 Calculating performance indicators
Once the load capacity of the bridge had been calculated for each load and damage case
the performance indicators were calculated. Firstly the reliability index was calculated
using the combined load for each load case as the load effect and the load capacity which
was determined when the maximum stress had been reached. The standard deviations
for both these loads was calculated from the assumed value of 20% variance. Therefore
one standard deviation resents 20% the average load. Using these values the reliability
was determined using the equation in Table 3.3.
From the reliability index the probability of failure was then determined using the normal
distribution. The cumulative normal distribution function in MATLAB was used for this
purpose by taking the negative of the reliability index. Using the probability of failure,
this allowed the first vulnerability index to be calculated. As mentioned before this index
is the ratio of the probability of failure in the damage state to the probability of failure
in the undamaged state as shown in the equation in Table 3.3. The second vulnerability
index only relied on the load capacities for the damaged and undamaged state. Lastly the
robustness was determined using the reliability index for the damaged and undamaged
states.
Chapter 4
Model Application
4.1 Simple bridge analysis
Th results for the simple bridge were obtained from the Strand 7 finite element model.
Two damage scenerios were anaylsed which were girder and pier cracking.
4.1.1 Modelling of cracked girder
In Strand 7 a small crack was modelled at the centre of the girder. This crack is located
directly in the centre of where the log impact force is being applied. The maximum flood
load was found for the undamaged state and a number of worsening damaged states. The
depth of the crack was increased in increments of 100 mm. The location and orientation
of the crack is shown in Figure 4.1. The crack is represented by the thin red strip.
The maximum flood load was determined when the concrete tensile stress of 3.79 5MPa
was exceeded. The results are presented below in Table 4.1. It shows the flood velocity
and the subsequent overall load that caused the tensile stress to be exceeded.
From the above results it can be seen that increasing the severity of damage to the girder
lowered the overall capacity of the bridge. From these results the reliability index was
calculated and from that the probability of failure was determined and also the subsequent
performance indicators. The calculated performance indicators are given in Table 4.2.
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Figure 4.1: Location of crack in girder
Table 4.1: Flood velocity and loads which exceeded stress limit
Damage State Velocity (m/s) Total Load Capacity (kN)
Undamaged 8.25 2474
Crack 100 mm deep 7.75 2180
Crack 200 mm deep 6.75 1654
Crack 300 mm deep 6.50 1534
The results in Table 4.2 show that the more severe cracking in the girder increased the
overall probability of failure for the bridge and thus also increased the vulnerability of
the bridge.
4.1.2 Modelling of cracked pier
As with the girder, a small crack was placed at the centre of the pier and the log impact
force was applied at this location. This is shown in Figure 4.2. This crack was also
increased in increments of 100 mm.
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Table 4.2: Calculated performance indicators
Damage State Relibability Probability of Vulnerability - Vulnerability - Robustness
Failure (%) Probability Load Capacity
Undamaged 2.969 0.15 N/A N/A N/A
Crack 100 mm deep 2.695 0.35 2.333 0.1175 0.9075
Crack 200 mm deep 1.978 2.39 15.933 0.3306 0.6662
Crack 300 mm deep 1.757 3.95 26.333 0.3792 0.5917
Figure 4.2: Location of crack in pier
The results were calculated in a similar way as the girder crack. The flood velocities and
total capacity which results in the tensile stress being exceeded are presented in Table 4.3.
The calculated performance indicators are presented in Table 4.4
4.1.3 Comparison of simple bridge results
Comparing the results from the pier crack to the girder crack, it can be seen that the
pier crack produces a high probability of failure but has a lower overall vulnerability for
both indices. The reliability is lower for the pier crack as the difference in the load effect
and load capacity are smaller. This leads to a higher probability of failure and a lower
robustness.
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Table 4.3: Flood velocity and loads which exceeded stress limit- Pier
Damage State Velocity (m/s) Total Load Capacity (kN)
Undamaged 5.5 1098
Crack 100 mm deep 5.25 1001
Crack 200 mm deep 5.15 963
Crack 300 mm deep 5.05 926
Table 4.4: Calculated performance indicators- pier crack
Damage State Relibability Probability of Vulnerability - Vulnerability - Robustness
Failure (%) Probability Load Capacity
Undamaged 0.6689 25.18 N/A N/A N/A
Crack 100 mm deep 0.3443 36.53 1.451 0.0888 0.5148
Crack 200 mm deep 0.2089 42.04 1.670 0.1232 0.3122
Crack 300 mm deep 0.0704 47.16 1.873 0.1569 0.1052
The vulnerability index is lower for the damaged pier as the change in load capacity for the
undamaged and damaged state is smaller compared to that of the damaged girder. The
robustness is greater overall for the girder as the change in reliability was less compared
to that of the damaged pier.
Out of the girder and the pier, the girder can be said to be the most vulnerable to
damage by impact, but it is also robust and therefore more reliable than the pier. This
has occurred as the girder had a low initial probability of failure for the undamaged state
and the relative magnitude for the damaged state probability of failure was much higher.
This is illustrated in Figures 4.3 and 4.4.
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Figure 4.3: Comparison of failure probabilities for different states of damage for girder
Figure 4.4: Comparison of failure probabilities for different states of damage for pier
If the reliability of each component is compared it can be seen that the girder reliability
does not decrease as rapidly for increasing damage compared to that of the pier. This
is shown in Figures 4.5 and 4.6. Therefore this explains why the girder has a greater
vulnerability to damage while still being robust and that the pier is less vulnerable, but
less robust.
4.1 Simple bridge analysis 52
Figure 4.5: Comparison of reliability index for different states of damage for girder
Figure 4.6: Comparison of reliability index for different states of damage for pier
4.1.4 Conclusion
The simple bridge results show that adding damage to an element of the bridge structure
proved to lower its load carrying capacity and therefore increasing the probability of
failure. An increase in the probability of failure leads to an increase in the vulnerability
of the bridge to damage from flood events. This methodology will be able to be applied
to the case study bridge and should yield similar results.
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4.2 Case Study – Tenthill Creek Bridge
The selected bridge for the case study is located near Gatton, in the Lockyer Valley.
The bridge is on the Gatton-Helidon Road and crosses Tenthill Creek. The bridge was
constructed in 1976 and up until 1989, when the Gatton Bypass was opened; it was part
of the Warrego Highway which carried traffic from Brisbane to Toowoomba.
The Tenthill Creek Bridge is a simply supported reinforced concrete bridge with three
27.38 m spans and an overall length of 82.15 m and a width of 8.6 m. The depth from
the stream bed to the bridge is approximately 15.3 m. Photos of the bridge are shown
in Figures 4.7 and 4.8. The dimensions for this bridge were obtained from the original
plans from the Department of Main Roads Queensland. The dimensions are provided
in Appendix D. Using these dimensions a simplified finite element model was created in
Strand 7. The maximum flood for the bridge on record is given a velocity 2.32 m/s and
approximately at the road surface level (Setunge 2004).
Figure 4.7: Tenthill Creek Bridge(Setunge 2004)
4.2.1 Flood Data
The maximum flood for the bridge on record is given a velocity 2.32 m/s and approx-
imately at the road surface level (Setunge 2004). Flood data was obtained from the
Department of Natural Resources and Mines, Water Monitoring Portal. Streamflow data
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Figure 4.8: Underside of Tenthill Creek Bridge (Setunge 2004)
was available for the Tenthill Creek Streamgauge, which is located approximately 11km
upstream from the subject bridge. The maximum recorded flood at this streamgauge had
a peak discharge of 1359 m3/s. This flood occurred on 28th January 2013. This flood
would have been associated with the ex-Tropical Cyclone Oswald event. The second high-
est flood, which occurred on the 10th January 2011, had a peak discharge of 1098 m3/s.
From Rogencamp & Barton (2012) and Underwood (2013) the probability of these flood
events was estimated to be between a 1 in a 100 year event to a 1 in a 500 year event.
As this flood has a probability more than a 1 in 2000 year event an ultimate load factor
must be applied as per the standard. It was calculated that the ultimate load factor was
1.5. For a 20 year event, which was used for the serviceability limit states flood, the
Palmen-Weeks formula (Palmen, Weeks & Kuczera 2011) was used to determine the flow.
This formula is shown in Equation 4.1. A catchment area of 447 km2 and a 72 hour, 50
year rainfall intensity of 3.54 mm/hr was used. From this the estimated Q20 flow was
calculated to be 601 m3/s.
Q20 = 2.547Area
0.673i72h50y1.074 (4.1)
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4.2.2 Flood loads
Flood loads for the Tenthill Creek Bridge were determined for both the ultimate and
serviceability limit states. Mannings’s Equation was used to determine the velocities
for the floods. This is shown in Equation 4.2. Where n is the Manning’s Roughness
coefficient, R is the hydraulic radius and Sf is the slope of the channel. The slope
of the creek was estimated using the path feature in Google Earth, where an average
channel slope was obtained. From this the slope was determined to be 0.2% or a grade
of 1:500. The hydraulic radius was determined from the channel cross sectional area and
the wetted perimeter for the required flood depth. Lastly the Mannings Roughness was
determined from the Modified Cowan Method presented by (Brisbane City Council 2003).
The Manning’s n value was estimated as 0.069.
V =
1
n
R2/3S
1/2
f (4.2)
The calculated ultimate flood velocity was determined to be 2.3 m/s. This matches the
stated maximum recorded flood velocity as mentioned earlier. The serviceability flood
velocity was estimated as 1.9m/s based off a discharge of 601 m3/s. From the Manning’s
Equation the flood depth was determined to be 4.5 m below the girder soffit.
The flood loads were calculated in a similar manner to the simple bridge using the
AS5100.2 flood loads. The parameters for determining the flood loads are presented
in Table 4.5. The calculated flood loads are shown in Table 4.6. All flood loads indicated
in the standard have been determined. They will all be analysed on how they affect the
bridge for different states of damage.
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Table 4.5: Parameters for determining flood loads for Tenthill Creek Bridge
Parameter
dwgs 1.857 m
dss/dsp 1.857 m
ygs 7.21 m
Sr (dwgs/dsp 1.0
Pr (ygs/dss 3.88
Cd 1.5
Cd (pier) 1.4
CL (+ve) 0.6
CL (-ve) -2.0
CL (pier) 0.9
Cd (debris) 2.0
Cd (debris pier) 3.4
As 152.55 m
2
Ad (ultimate) 6.85 m
2
Ad (service) 3.45 m
2
AL 756.6 m
2
AL (pier - ultimate) 14.97 m
2
AL (pier- service) 7.67 m
2
Adeb 246.45 m
2
Adeb−pier 60 m2
Volume 299.56 m3
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Table 4.6: Calculated flood loads - Tenthill Creek Bridge
Load type Ultimate flood load Serviceability flood load
Drag force (Fdu) 907.86 kN N/A
Lift force (+ve) (FLu) 1801.05 N/A
Lift force (-ve) (FLu) -6003.6 kN N/A
Drag force (pier) (Fdu) 38.05 kN 8.71 kN
Lift force (pier) (FLu) 53.44 kN 12.46 kN
Moment (Mgu) 2023.08 kN.m N/A
Debris 1955.6 kN N/A
Debris (pier) N/A 368.22 kN
Log impact 158.7 kN N/A
Log impact N/A 72.2 kN
Buoyancy 2938.68 kN N/A
The location of the impact force on the girder was also analysed to determine if any other
locations provided a more adverse effect compared to being applied to the centre of the
internal bridge span. The different locations of the impact loading that will be analysed
is shown in Figure 4.9. These locations are at the centre of the inner and outer span, at
the abutments and above the headstock.
Figure 4.9: Locations of impact forces
The traffic load under the serviceability flood load was also analysed under different
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combinations to determine which has the most adverse effect. The S1600 and M1600
traffic loads were applied to both lanes of the bridge. The loads were applied in accordance
with Figures 2.13 and 2.12. The load combinations used were both lanes on outside span,
one lane outside one lane inside, both lanes on inside span, and one lane on opposite
outside spans. These configurations are shown in Figure 4.10.
Figure 4.10: Traffic loading combinations on bridge
4.2.3 Model details
The case study bridge model was built in a similar way to the simple bridge. Due to the
size of the bridge a larger mesh size had to be used in order to save on computing time.
Each 27.38 m span was broken in 15 segments. Across the width of the bridge there were
57 segments. Overall this gave a total of 12 714 brick elements. The model was completed
in two parts. Firstly the deck and girder were assumed to be cast monolithically together
in that it is one continuous unit. The piers and headstock were then added to the model.
Link elements were used to attach nodes on the underside of the girder to nodes on the
top of the headstocks. The link elements used were master-slave links which indicates that
the nodes which they connect are forced to share the same displacements. The girders
were assumed to be simply supported by the bridge abutments. Therefore these nodes
were fixed in the horizontal and vertical directions, but rotation was allowed on the axis
perpendicular the bridge girders. The girder node restraints are shown in Figure 4.11.
The footing of the piers was assumed to be fixed to simulate the piles that would normally
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be attached. A face support was applied around the footing to represent the surrounding
soil. A value of 32000 kN/m3 was used which represents a clayey medium dense sand
(Strand7 2010). This value is the modulus subgrade reaction which is a relationship for
soil pressure and the deflection of the footing and pier. The applied face support and
footing nodal restraint is shown in Figure 4.12.
Figure 4.11: Girder nodal restraints at abutments
Figure 4.12: Pier node restraints and face support
The material used was reinforced concrete. According to the bridge technical drawings
by Main Roads Queensland, the strength of concrete used was 20 MPa. The modulus of
elasticity was 25 000 MPa and the Poisson’s Ratio was 0.2. A specific weight of 24 kN/m3
was also used.
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The damage that will be applied to the case study bridge will include a weakened girder
to represent damage from debris impact; a longitudinal crack applied to the web of the
girder to also simulate damage from impact; a pier crack and pier scour will also be
analysed. How this damage is applied will be explain in the next chapter.
Chapter 5
Results and Discussion
5.1 Outline
A Strand 7 model was created for the Tenthill Creek case study bridge. The flood loads
for ultimate and serviceability limit states, the bridge self-weight, and traffic loads for
serviceability were applied to the model in a number of combinations. The bridge was
also analysed for a number of different states of damage including a weakened girder, girder
cracking, pier cracking and pier scour. Once the resutls were obtained the performance
indicators were calculated.
5.2 Maximum stress
The load cases for both serviceability and ultimate limit state flood events were compared
and the maximum stress was obtained from the Strand 7 model.
5.2.1 Undamaged state
The maximum von Mises stress was obtained from the Strand 7 model for the undamaged
state for each load case. The full results for all 51 load combinations are provided in
Appendix E. A summary of these results is shown in Table 5.1. For the traffic load
combinations, the maximum stress value for each load category, i.e. hydrodynamic force,
5.2 Maximum stress 62
debris or impact, was obtained. Strand7 outputs showing the stresses and deformation of
the bridge under each load combination are found in Appendix F.
Table 5.1: Summary of undamaged state maximum stresses
Load Case Maximum stress (MPa)
Ultimate loads
Hydrodynamic forces 8.94
Debris forces 10.31
Impact – 1 9.32
Impact – 2 9.25
Impact – 3 8.95
Impact – 4 9.27
Impact – 5 9.13
Serviceability loads
Hydrodynamic forces 5.61
Debris load 6.29
Impact – left pier 5.69
Impact – right pier 5.69
Traffic load under hydro. forces S1600-1 13.19
Traffic load – impact left pier S1600-1-IL 13.19
Traffic load – impact right pier S1600-1-IR 13.25
Traffic load – debris forces S1600-1-DEB 13.50
From these results the maximum stress for the ultimate limit states occurred with the
debris loading with a stress of 10.31 MPa. For serviceability limit sates with water forces
acting alone, the maximum stress of 6.29 MPa also occurred from the debris loading.
Out of the traffic load combinations the stationary traffic load in configuration 1 as per
Figure 4.10, combined with debris loading acting on the piers produced a maximum
stress of 13.50 MPa. This was the highest stress out of all the load combinations. For the
remaining analysis, only the S1600-1 traffic load will be used due to the data requirements
and that it produces the highest stress. The S1600-1 load has the traffic load in both
lanes on the outer span.
5.2.2 Weakened girder
Similar to the simple bridge model, a weakened girder was simulated by using a lower
modulus of elasticity, but instead of being applied to a thin strip to simulate a crack, it
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was applied on a much wider section of the girder. A modulus of 100MPa was applied
to this section. The weakened girder acts to simulate a weakened section of the bridge,
caused by a large impact such as a log. The weakened girder was applied to several
locations on the bridge, including at the centre of the internal span, the centre of either
outside spans, above the headstock supports and above the abutment support. Figure 5.1
shows an example of where the weakened girder has been applied above the headstock.
Figure 5.1: Weakened girder applied above headstock with 3 layers in depth
These locations were used as this would be where the maximum positive and negative mo-
ments occur in the girder and thus where the highest stresses will occur. The extent of the
damage was also increased by increasing the depth of the weakened material properties.
Three depths were used as the girders were divided into 3 elements in width. The results
for a weakened section of girder above the right headstock is presented in Table 5.2. This
location produced the highest stresses.
The results for the other locations of the weakened girder are provide in Appendix E.
From the results in Table 5.2, it can be seen that the observed maximum stress are much
higher for this damage state compared to the undamaged state.
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Table 5.2: Results for weakened girder above right headstock – maximum stresses
Load Case
Maximum stress (MPa)
1 Layer 2 Layers 3 Layers
Ultimate loads
Hydrodynamic forces 12.18 17.85 13.90
Debris forces 10.33 15.84 10.52
Impact – 1 12.62 18.43 14.08
Impact – 2 12.26 17.94 13.89
Impact – 3 12.19 17.86 13.89
Impact – 4 12.37 18.08 13.94
Impact – 5 12.49 30.69 19.40
Serviceability loads
Hydrodynamic forces 7.51 10.82 8.93
Debris load 8.31 11.85 9.11
Impact – left pier 7.56 10.88 8.94
Impact – right pier 7.62 10.97 8.96
Traffic load under hydro. forces S1600-1 13.74 17.81 17.99
Traffic load – impact left pier S1600-1-IL 13.75 17.87 18.00
Traffic load – impact right pier S1600-1-IR 13.81 17.96 18.04
Traffic load – debris forces S1600-1-DEB 14.10 18.83 18.37
5.2.3 Longitudinal cracking
For this damage state horizontal cracks were added to the web of the girder to simulate the
type of cracking observed in Figure 2.25b in Section 2.4.4. This type of cracking would
be caused by impacts from large debris. Similar to the weakened girder in the previous
section, small sections of the web were assigned a material property with a modulus of
elasticity of 100 MPa. The crack spans approximately 7 m with a width of 50 mm and a
depth of 100 mm. These were placed at various locations on the bridge. The cracks were
also placed at the top, middle and bottom of the web to determine which would cause
the highest stress. An example of the crack location is shown in Figure 5.2.
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Figure 5.2: Location of longitudinal crack at top of web of girder
The results were obtained for each load case and crack location on the bridge. The
crack location which produced the highest stresses was on the outer span, adjacent to the
headstock. These results are shown in Table 5.3.
Table 5.3: Results for longitudinal crack on outer span near headstock – maximum stresses
Load Case
Maximum stress (MPa)
Top of web Centre of Web Bottom of web
Ultimate loads
Hydrodynamic forces 14.08 13.77 12.10
Debris forces 11.97 11.81 10.53
Impact – 1 14.36 14.06 12.35
Impact – 2 14.14 13.83 12.15
Impact – 3 14.09 13.78 12.10
Impact – 4 10.20 13.89 12.20
Impact – 5 14.46 14.14 12.40
Serviceability loads
Hydrodynamic forces 9.01 8.76 7.67
Debris load 9.48 9.22 8.05
Impact – left pier 9.04 8.79 7.70
Impact – right pier 9.07 8.82 7.72
Traffic load under hydro. forces S1600-1 15.75 15.21 13.28
Traffic load – impact left pier S1600-1-IL 15.78 15.24 13.30
Traffic load – impact right pier S1600-1-IR 15.82 15.27 13.38
Traffic load – debris forces S1600-1-DEB 16.23 15.67 13.67
From these results in Table 5.3, the maximum stresses occur when the crack is located at
the top of the web of the girder. Results for other lcoations of the longitudinal crack are
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found in Appendix E.
5.2.4 Pier scour
Scour around the pier was simulated in the model by removing the brick face support
elements which were replicating the soil pushing against the face of the pier and footing.
The pier scour was tested in two stages firstly with just the extent of scour to the top of
the footing and then also with the whole footing exposed. Figure 5.3 shows where the
soil support has been removed from the face of the piers.
Figure 5.3: Pier scour face support has been removed from piers
A summary of results for this damage case is presented below in Table 5.4.
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Table 5.4: Results for pier scour – maximum stresses
Load Case
Maximum stress (MPa)
Pier Scour Footing Scour
Ultimate loads
Hydrodynamic forces 8.94 8.94
Debris forces 10.32 10.32
Impact – 1 9.32 9.32
Impact – 2 9.25 9.26
Impact – 3 8.95 8.95
Impact – 4 9.27 9.27
Impact – 5 9.14 9.14
Serviceability loads
Hydrodynamic forces 5.61 5.61
Debris load 6.29 6.29
Impact – left pier 5.69 5.69
Impact – right pier 5.64 5.69
Traffic load under hydro. forces S1600-1 13.18 13.18
Traffic load – impact left pier S1600-1-IL 13.18 13.18
Traffic load – impact right pier S1600-1-IR 13.24 13.24
Traffic load – debris forces S1600-1-DEB 13.49 13.49
From these results there is a negligible difference between just pier scour and scour of
the pier and footing. Compare to the undamaged bridge results there is virtually no
difference.
5.2.5 Pier cracking
Similar to the weakened girder, a section of the pier was assigned a material property
with a lower modulus of elasticity to simulate a weakened or cracked pier. The weakened
section was applied at the top, middle and bottom of the pier to see which location
produced the most adverse effect. The weakened section was also applied in a number of
layers. Figure 5.4 shows an example of the crack being applied at the middle of the pier
with four layers of weakened material.
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Figure 5.4: Pier crack applied at middle of pier with 4 layers in depth
It was found that 4 layers of weakened material produced the highest stresses so therefore
for the remaining results only one and four layers were tested to save computing time.
The process was repeated on the other pier. The weakened section applied to the centre
of the right pier was found to give the highest stress. The results for this scenario are
shown in Table 5.5.
The results for the other locations of the pier crack are provide in Appendix E. From the
results in Table 5.5, the traffic load in combination with the debris load produced the
highest stress of 17.48 MPa.
5.2.6 Critical damage cases
From the Strand 7 results the damage scenario which produced the highest stress was
the weakened girder applied above the headstock. The next critical damage state was the
crack applied to the centre of the pier. Lastly, the longitudinal crack applied on the outer
span adjacent to the headstock was also considered a critical case. Simulation of pier
scour produced negligible results to the maximum stresses, so therefore further analysis
was not conducted for this damage scenario. This result may be an anomaly in the model
as pier scour is a common cause of bridge failure from flood events.
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Table 5.5: Results for pier cracking at centre of right pier – maximum stresses
Load Case
Maximum stress (MPa)
1 Layer 2 Layer
Ultimate loads
Hydrodynamic forces 8.94 11.43
Debris forces 10.32 10.42
Impact – 1 9.32 11.36
Impact – 2 9.25 11.37
Impact – 3 8.94 11.42
Impact – 4 9.27 11.35
Impact – 5 9.15 11.39
Serviceability loads
Hydrodynamic forces 5.61 8.41
Debris load 6.30 9.54
Impact – left pier 5.70 8.39
Impact – right pier 5.69 8.63
Traffic load under hydro. forces S1600-1 13.19 16.35
Traffic load – impact left pier S1600-1-IL 13.19 16.32
Traffic load – impact right pier S1600-1-IR 13.25 16.57
Traffic load – debris forces S1600-1-DEB 13.51 17.48
5.3 Cross-sectional stresses
Further analysis was conducted on the results in the previous section. The critical load
combinations and damage states were used for the analysis. The cutting plane feature of
Strand 7 was used to analyse various cross sections along the bridge length. The areas of
interest were those where the highest stresses were located and also where the damaged
bridge sections were applied.
5.3.1 Undamaged bridge
The cross-section for the undamaged state under the ultimate debris flood load is shown
in Figure 5.5 with von Mises stresses and Figure 5.6 showing σxx stresses. The σxx stresses
shows the stress normal to the x-axis and in the direction of the x axis. In the model the
flood loads are applied along the x-axis.
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Figure 5.5: Undamaged bridge – von Mises stresses under ultimate flood debris load
From Figure 5.5 a high area of stress occurs around base of the pier on the downstream
side. This is from the debris load pushing the bridge clockwise about the base, creating
stress concentrations in the corner of the pier and footing.
In Figure 5.6 it can be seen that a tensile stress concentration occurs in the headstock.
Again this is caused by the debris load pushing the bridge clockwise about its base. This
type of stress has the potential the cause cracking in the headstock, although this type of
damage has not been taken into account in this analysis.
5.3.2 Weakened girder
The weakened girder damage state produced the highest stresses out of all the other
scenarios. The peak stress occurred with the ultimate impact load being applied directly
to the section of weakened girder above the headstock. A cross-section at this location is
shown in Figure 5.7.
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Figure 5.6: Undamaged bridge – σxx stresses under ultimate flood debris load
Figure 5.7: Weakened girder – von Mises stresses under ultimate flood impact load
From this figure quite a high stress concentration occurs on the inside of the left most
girder. This is where the damage has been applied. At this stage the damage has been
applied to 2/3 of the overall thickness of the girder. Therefore the undamaged part of the
girder is bearing the majority of the stress.
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5.3.3 Longitudinal crack
The peak stress for this damage case occurred when the horizontal crack was located on
the outer span adjacent to the headstock, with the crack being located at the top of the
web. The loading case for this scenario was the traffic load in combination with the pier
debris load. Below in Figure 5.8, a zoomed in cross-section of the deck and girder is shown
with von Mises stresses used.
Figure 5.8: Longitudinal Crack – von Mises stresses under traffic load combined with pier
debris load
From the cross-section small areas of high stress are present in the top right corner of
the web and bottom left corner of the web for the left girder. At these locations further
cracking and damage is likely to occur if the load was to be increased.
5.3.4 Pier crack
The peak stress for the pier crack occurs when the crack is located at the centre of the
pier under the traffic load combined with the pier debris load. Figure 5.9 shows the
cross-section at which the crack is located.
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Figure 5.9: Pier Crack – von Mises stresses under traffic load combined with pier debris
load
On the inside of the pier, opposite where the crack is located, there is a relatively large
strip of concentrated stress. This would be due to the cracked material on the outside
of the pier not being able to effectively transfer the loads and forces. Thus this forces
the stresses to be concentrated behind the crack, which may eventually lead to the crack
worsening.
5.4 Performance indicators
The vulnerability, reliability and robustness were calculated for each damaged state under
the various load combinations. Only the critical damage cases were used as this would
give the worst scenarios to compare the performance indictors against each other. The
load capacity was obtained by increasing the flood velocity until the concrete strength of
20MPa was exceeded.
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5.4.1 Undamaged state
Initial calculations were completed for the undamaged state as this is what all other
damaged cases are compared to. The flood velocities and their respective combined loads
were recorded and are presented in Table 5.6.
Table 5.6: Undamaged bridge – flood velocities and forces to cause failure
Load Case Flood Velocity (m/s) Load (kN)
Ultimate loads
Hydrodynamic forces 3.9 20633
Debris forces 3.6 4791
Impact 3.5 16984
Traffic load under hydro. forces S1600-1 20 7452
Traffic load – impact S1600-1-IR 10.5 4259
Traffic load – debris forces S1600-1-DEB 4.6 2158
From these forces the reliability was able to be determined. The forces given in the table
are used as the load resistance of the bridge while the load effect is given as the load
produced by the 2.3 m/s ultimate flood load and the 1.9 m/s serviceability flood load for
the traffic combinations. A variance of 20% was used to calculate the standard deviations
of the load resistance and effect. Using the normal distribution the probability of failure
was calculated from the reliability index. The calculated reliability and probability of
failure is given in Table 5.7.
Table 5.7: Undamaged bridge – Reliability and probability of failure
Load Case Reliability Probability of Failure (%)
Hydrodynamic forces 3.08 0.1
Debris forces 2.74 0.31
Impact 2.62 0.46
Traffic load under hydro. forces 4.95 0.000036
Traffic load – impact 4.83 0.000067
Traffic load – debris forces 4.09 0.0022
From these initial results for the undamaged state, the probability of failure is highest
for the impact load applied. It can also be noted that that a lower reliability index will
produce a high probability of failure. The traffic loadings produced quite low failure prob-
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abilities. This is likely due to the bridge not being fully submerged as the serviceability
flood load locations were used.
5.4.2 Weakened girder
The performance indicators were then calculated for the weakened girder case which
was located above the headstock. The weakened girder with two out of three layers of
weakened material was used as this was the critical state for this type of damage. Similar
to the undamaged state, the velocities and combined loads were determined which caused
the concrete stress limit to be exceeded. These results are shown in Table 5.8.
Table 5.8: Weakened Girder – flood velocities and forces to cause failure
Load Case Flood Velocity (m/s) Load (kN)
Hydrodynamic forces 2.5 8478
Debris forces 3.1 3553
Impact 2.4 7986
Traffic load under hydro. forces 12 2683
Traffic load – impact 6 1391
Traffic load – debris forces 2.8 800
Using these results the two vulnerability indices and the robustness index was calculated,
along with the reliability and probability of failure. The performance indicators for the
weakened girder are presented in Table 5.9.
From this set of results the impact force produced the lowest reliability and robustness,
and also the highest failure probability. While the traffic load with debris had highest
probability based vulnerability and the traffic load with impact had the highest load
capacity based vulnerability.
5.4.3 Longitudinal crack
The flood velocities and forces that caused the stress limits to be exceeded for the longi-
tudinal crack scenario are reported in Table 5.10. The location of the crack used for this
analysis was located on the outer span of the bridge, adjacent to the headstock.
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Table 5.9: Weakened Girder – Performance Indicators
Load Case Relibability
Probability
of failure
(%)
Vulnerability
- probability
Vulnerability
- load
capacity
Robustness
Hydrodynamic
forces
0.586 27.89 278.9 0.589 0.190
Debris forces 1.97 2.45 7.90 0.258 0.719
Impact 0.300 38.19 83.02 0.530 0.115
Traffic load –
hydro. forces
4.87 0.0000549 1.52 0.640 0.984
Traffic load –
impact
4.48 0.00038 0.0567 0.673 0.926
Traffic load –
debris forces
2.450 0.71 326.2 0.629 0.599
Table 5.10: Longitudinal crack – flood velocities and forces to cause failure
Load Case Flood Velocity (m/s) Load (kN)
Hydrodynamic forces 3 12208
Debris forces 3.5 4529
Impact 2.9 11321
Traffic load under hydro. forces 20 7452
Traffic load – impact 10.5 4259
Traffic load – debris forces 4.5 2065
Once again the performance indicators were calculated and are provided in Table 5.11.
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Table 5.11: Longitudinal crack – Performance Indicators
Load Case Relibability
Probability
of failure
(%)
Vulnerability
- probability
Vulnerability
- load
capacity
Robustness
Hydrodynamic
forces
1.78 3.78 37.8 0.408 0.577
Debris forces 2.61 0.46 1.48 0.0548 0.952
Impact 1.48 6.98 15.17 0.333 0.567
Traffic load –
hydro. forces
4.95 0.000036 1 0 1
Traffic load –
impact
4.83 0.0000670 1 0 1
Traffic load –
debris forces
4.045 0.0000262 0.0120 0.0430 0.989
These results show that once again the impact force gives the lowest reliability and ro-
bustness, and also the highest probability of failure. The hydrodynamic forces produce
the highest vulnerability for both indexes.
5.4.4 Pier crack
This damage scenario is the last for which the performance indicators were calculated for.
Firstly the velocities and load at which the stress limits were exceeded are presented in
Table 5.12. For this analysis the crack was located at the centre of the pier.
Table 5.12: Pier crack – flood velocities and forces to cause failure
Load Case Flood Velocity (m/s) Load (kN)
Hydrodynamic forces 3.6 17580
Debris forces 3.6 4791
Impact 3.5 16985
Traffic load under hydro. forces 9 1509
Traffic load – impact 6 1391
Traffic load – debris forces 3.4 1179
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The performance indicators were calculated and recorded in Table 5.13.
Table 5.13: Pier crack – Performance Indicators
Load Case Relibability
Probability
of failure
(%)
Vulnerability
- probability
Vulnerability
- load
capacity
Robustness
Hydrodynamic
forces
2.74 0.31 3.1 0.148 0.889
Debris forces 2.74 0.31 1 0 1
Impact 2.608 0.46 1 0 1
Traffic load –
hydro. forces
4.772 0.0000910 2.51 0.798 0.963
Traffic load –
impact
4.476 0.00038 5.67 0.673 0.926
Traffic load –
debris forces
3.28 0.00515 2.37 0.454 0.803
From the cracked pier results the impact load once again produced the lowest reliability
and the highest failure probability. The ones and zeroes that occur for vulnerability and
robustness indicates that the bridge was not affect by the damage for the respective load
cases.
5.5 Discussion of results
The results for each performance indicator were graphed in order to easily compare each
indicator for each damage case under the different load combinations. The five graphs
are shown below in Figures 5.10, 5.11, 5.12, 5.13, and 5.14.
5.5.1 Reliability
In terms of reliability, the weakened girder produces the lowest reliability overall for every
load combination. This is due to the fact that the load resistance for this damaged case was
decreased greatly compared to the undamaged state. The reliability is determined from
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the margin of safety that is present for a particular scenario and thus how likely the bridge
is to fail. In terms of statistics the reliability determines how many standard deviations
the average margin of safety falls in the safe zone. The 20% coefficient of variation used to
calculate the standard deviations attempts to account for any uncertainties that may be
present in terms of the actual bridge strength and variations in the load that is applied.
In terms of the type of loading, overall the ultimate impact flood load produces the
lowest reliability for all damage scenarios. Therefore the bridge has a lower margin of
safety when exposed to this type of loading. It can be noted that under the traffic load
for hydrodynamics forces and impact forces that the reliability does not vary much for
the different damage states.
Figure 5.10: Reliability index – comparison with each damage and load case
5.5.2 Probability of failure
The probability of failure calculations produced some interesting results. It can be seen
from the graph in Figure 5.11 that the weakened girder had a much greater failure proba-
bility than any other damage scenario. There is a direct correlation with the probability of
failure and reliability as the probability of failure is determined from the normal distribu-
tion using reliability. Therefore this probability of failure represents the likelihood of the
load effect exceeding the load capacity of the bridge and that in the damage state there is
an increased probability of failure under the same loading effects. The impact load case
gives the highest failure probabilities, while the traffic loads give near zero probability of
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failure.
Figure 5.11: Probability of failure – comparison with each damage and load case
5.5.3 Vulnerability
The first vulnerability index, which is based on the probability of failure, also produced
some interesting results. By definition this vulnerability index gives the ratio of failure
probability of the damaged state and undamaged state. Therefore a greater increase in
failure probability for the damage state will give greater values for the vulnerability index.
This can be seen in Figure 5.12, for the weakened girder scenarios. An interesting result
is that for the traffic and debris load with the weakened girder. This scenario gives the
highest vulnerability index of 326 even though the probability of failure for this case was
relatively low. This has occurred as the probability of failure for the undamaged state was
very low and when the weakened girder was introduced the failure probability increased
hundredfold. Therefore even with a high vulnerability it is highly unlikely that this bridge
would failure under this scenario. The peak vulnerability index values which occur for
the hydrodynamic and impact load cases would be much more critical as they both have
relatively high probability of failures of 28% and 38% respectively.
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Figure 5.12: Vulnerability index (probability based) – comparison with each damage and
load case
The second vulnerability index, which is based on the ultimate load carrying capacity of
the bridge, displays some contrasting results compared to the first vulnerability index.
This index is solely based on the loads that caused the capacity of the bridge to be
exceeded for both the damaged and undamaged state. It represents the relative difference
in the load capacity compared for the damaged and undamaged state compared to the
undamaged state capacity. A higher value indicates that there is a greater difference
between the load capacities and thus the structure is more likely to fail. From Figure 5.13
the weakened girder case produces the highest vulnerability for all load combinations
except for the traffic and hydrodynamic force load, where the pier crack gave the highest
value of approximately 0.8. Therefore for this scenario the load capacity in the damage
state was 80% less than the capacity in the normal, undamaged state. There are also
some scenarios where the vulnerability was zero. This indicates that for these cases the
load capacity of the bridge remained unaffected by the damage. This occurred mostly
for the longitudinal cracking case and also one occurrence of the pier crack under debris
loading.
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Figure 5.13: Vulnerability index (load capacity based) – comparison with each damage and
load case
5.5.4 Robustness
Robustness was the final index to be calculated. Mathematically this index represents the
ratio of the reliability index for the damaged and undamaged states. A higher value will
indicate the bridge is more robust. By definition robustness is the ability of a structure to
handle various states of damage without overall failure occurring. From Figure 5.14 it can
be seen that the weakened girder produces the lowest robustness for all load cases. The
lowest value of 0.115 occurs under the impact load. From the definition this indicates that
the bridge would be likely not able to withstand this load combination in the damaged
state. In some occurrences the robustness index was calculated as 1.0. This means the
bridge remained unaffected from the damage and would be able to continue under full
operating conditions until it could be repaired.
5.5.5 Effectiveness of performance indicators
The above analysis has shown how effective the various performance indicators have been
in determining the reliability, vulnerability and robustness of the bridge to numerous
floods loads when exposed to damage. The reliability index gives an overall view of
how the bridge has performed but only when compared to other load cases. The load
capacity based vulnerability index and robustness index give a relative overview of how
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Figure 5.14: Robustness index – comparison with each damage and load case
the structure performed due to the values being between 1 and 0. With defined limits on
the index it can easily be seen if a structure is likely to fail without comparing it to any
other values.
5.6 Summary
To conclude the load combination which for most scenarios produced the highest stresses,
and also the worse performance scores was the impact acting on the girder at location
above the headstock. The damage case for which the bridge was most vulnerable against
was the weakened girder also located above the headstock. In the event of an extreme
flood event the bridge is likely to incur damage from a log impact or other large debris.
Chapter 6
Conclusions and Further Work
6.1 Summary
A thorough analysis has been conducted on how bridges behave under different flood loads
and how they react when exposed to damage. A finite element model of a simple bridge
was created which gave good indications of which loads a bridge may be most susceptible
to. A number of vulnerability indices and other performance indicators were identified
in the literature review and were used during the analysis of the simulation results. The
indices helped to give a comparison of which loads and damage cases the bridge was most
affect by.
A case study bridge located in the Lockyer Valley, Queensland, was used for the detailed
analysis. The Tenthill Creek Bridge is a three span reinforced concrete bridge. A Strand 7
finite element model was created for this bridge and various flood loads were applied such
as hydrodynamic loads, debris loads, log impact loads for both ultimate and serviceability
limit states. A traffic loading was also applied in combination with serviceability loads.
The case study bridge was also analysed with a number of damage scenarios including a
weakened girder, longitudinal cracking of the girder, pier cracking and pier scour.
From the simulations it was determined that the impact loading caused the highest stresses
to occur in the bridge and generally gave the higher vulnerability, lower reliability and
lower robustness index values. The damage this is likely to cause is cracking of the girder
or of the pier, depending on where the impact load is occurring. The damage state which
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contributed to the highest stress was the weakened girder.
From the selected performance indicators the vulnerability index, based on the ultimate
load carrying capacity of the bridge, proved to be the most effective when comparing each
load and damage case.
6.2 Achievement of project objectives
This section will detail how well the project objectives have been met.
1. Literature on how floods affect bridges and identify failure criteria
During the literature review, the types of flood loads which act on bridges were
identified from the Australian Standard for bridges and various other sources. The
types of damage that can occur to bridges during flooding were also identified.
2. Research existing vulnerability indices and other performance indicators
A variety of indexes and performance indicators were found in the literature which
had the potential to be applied to this project. The indices included reliability, a
range of vulnerability indices, probability of failure and robustness. From these the
reliability, two vulnerability a one robustness index were chosen to be used in the
analysis of results.
3. Finite element model of simple bridge and case study bridge using Strand7
A finite element model was successfully created for both the simple bridge and
Tenthill Creek Bridge which was chosen as a case study. The loads were applied
successfully to give what seem to be reliable results. The damage scenarios were
incorporate in the model so that the behaviour of the bridge under the damaged
state could be analysed.
4. Quantify performance indicators based on finite element simulations
From the results given in the finite element model using Strand 7, the chosen per-
formance indicators were able to be calculated based off the ultimate load carrying
capacity of the bridge for different states of damage and also under different flood
loads.
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6.3 Further work
More detailed finite element modelling would be required to gain a better understanding
of how each bridge element is affect by the flood loads. A detailed analysis would allow
for damage scenarios to be analysed. The concrete reinforcement was neglected in this
analysis due to limitations of Strand 7. Therefore the reinforcement could be including
in a more capable software package in order to understand if this may have affected the
results. Also a non-linear analysis may prove to give more reliable load capacity factors.
A fluid analysis of the bridge could be conducted in a way that the effect of dynamic
water forces could be analysed. Lastly scour modelling should be completed from both a
hydraulic and structural point of view as this is one of the more common types of failure to
bridge throughout the world. The software HEC-RAS can be used to calculate potential
scour depths.
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Additonal tables from literature
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Table B.1: Bridge failure mechanisms from flooding (Setunge et al. 2014)
Element Failure criteria Influence on failure
Superstructure
Beam or girder Unseating (loss of span) Collapse
Deck Damage due to debris and
build up of mud, undermining
Local damage, may be
collapse
Approaches Missing, damaged or ob-
scured signs and delineation,
guardrails
Blocked inlets/outlets
Missing, damaged, settlement
or depression of road surface
Doesnt lead to failure
Some restrictions
Local damage, may lead
to collapse, may restrict
use
Surface Missing, damaged, scuppers
blocked
Restricted use
Substructure
Pier or column Movement, rotation and scour
Moment damage, shear dam-
age, moment and shear dam-
age, inadequate ductility ca-
pacity
Local damage, may be
collapse
Abutment Wingwall, back wall damage,
inclination of abutment, dam-
age to shear keys
Local damage, may be
collapse
Bearing Missing, damged or dislodged
and poorly sealed
Local damage, may be
collapse
Footing Pile, footing damaged Local damage, may be
collapse
Other
Footpath Damaged Local damage, re-
stricted use
Barriers/handrails Damaged, missing fixing,
loose post bases
Local damage, re-
stricted use
Expansion joints Loose or damaged, missing or
damged seal, obstructions in
gap
Local damage, re-
stricted use
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Table B.2: Factors for calculting FV S in Equation (2.22) (Barbetta et al. 2015)
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Table B.3: Factors for calculting FV V in Equation (2.23) (Barbetta et al. 2015)
Appendix C
Strand 7 Outputs - Simple Bridge
Figure C.1: Undamaged girder under 5m/s flood impact
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Figure C.2: Undamaged girder at capacity (8.25m/s flood)
Figure C.3: Undamaged pier under 5m/s flood impact
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Figure C.4: Damaged pier at failure (5.05m/s)
Appendix D
Case Study Bridge Details
Figure D.1: Deck cross-section
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Figure D.2: Pier and headstock front and side views
Figure D.3: I-girder section
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Figure D.4: Bridge assembly
Appendix E
Maximum Stresses for Case Study
E.1 Undamaged Bridge 107
Bridge
E.1 Undamaged Bridge
Table E.1: Maximum von Mises stresses obtained from Strand 7 for each load case – Un-
damaged State
E.2 Weakened Girder 108
E.2 Weakened Girder
Table E.2: Maximum von Mises stresses obtained from Strand 7 for each load case – Weak-
ened Girder - Set 1
E.2 Weakened Girder 109
Table E.3: Maximum von Mises stresses obtained from Strand 7 for each load case – Weak-
ened Girder - Set 2
E.3 Longitudinal Crack 110
E.3 Longitudinal Crack
Table E.4: Maximum von Mises stresses obtained from Strand 7 for each load case – Lon-
gitudinal Crack - Set 1
E.3 Longitudinal Crack 111
Table E.5: Maximum von Mises stresses obtained from Strand 7 for each load case – Lon-
gitudinal Crack - Set 2
E.4 Pier Scour 112
Table E.6: Maximum von Mises stresses obtained from Strand 7 for each load case – Lon-
gitudinal Crack - Set 3
E.4 Pier Scour
Table E.7: Maximum von Mises stresses obtained from Strand 7 for each load case – Pier
Scour - Set 1
E.5 Pier Cracking 113
E.5 Pier Cracking
Table E.8: Maximum von Mises stresses obtained from Strand 7 for each load case – Pier
Cracking - Set 1
E.5 Pier Cracking 114
Table E.9: Maximum von Mises stresses obtained from Strand 7 for each load case – Pier
Cracking - Set 2
E.5 Pier Cracking 115
Table E.10: Maximum von Mises stresses obtained from Strand 7 for each load case – Pier
Cracking - Set 3
Appendix F
Stresses and Deformations for
Case Study Bridge
Figure F.1: Stresses and deformation under ultimate hydrodynamic flood loads
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Figure F.2: Stresses and deformation under ultimate debris flood loads
Figure F.3: Stresses and deformation under ultimate impact flood loads
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Figure F.4: Stresses and deformation under serviceability hydrodynamic flood loads
Figure F.5: Stresses and deformation under serviceability debris flood loads
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Figure F.6: Stresses and deformation under serviceability impact flood loads
Figure F.7: Stresses and deformation under serviceability hydrodynamic flood loads plus
S1600 traffic load
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Figure F.8: Stresses and deformation under serviceability debris flood loads plus S1600
traffic load
Figure F.9: Stresses and deformation under serviceability impact flood loads plus S1600
traffic load
